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SUMMARY
The s y n t h e s i s  o f  v a r i o u s  benzam ides  i s  d e s c r i b e d .
T h e s e ,  and v a r i o u s  o t h e r  compounds,  were s c r e e n e d  f o r  t h e i r  
a b i l i t y  t o  i n h i b i t  th e  n u c l e a r  enzyme,  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e .  Benzamide and v a r i o u s  a n a lo g u e s  s u b s t i t u t e d  in  
th e  3 - p o s i t i o n  were more p o t e n t  i n h i b i t o r s  than any 
d e s c r i b e d  p r e v i o u s l y .  3-Aminobenzamide and 3 -m e t h o x y b e n z -  
amide i n h i b i t e d  th e  enzyme c o m p e t i t i v e l y  w i t h  r e s p e c t  t o  
i t s  s u b s t r a t e ,  NAD.
3-Aminobenzam ide was shown t o  i n h i b i t  A D P - r i b o s y l a t i o n  
i n  p e r m e a b i l i z e d  L1210 c e l l s  b u t  no o t h e r  enzymes i n v o l v e d  
in  NAD m e t a b o l i s m .  I t  was d e m o n s tr a te d  t h a t  3 -a m in o b e n z -  
amide e n t e r e d  L1210 c e l l s .  No e f f e c t  on c e l l  p r o l i f e r a t i o n  
was o b s e r v e d  a t  c o n c e n t r a t i o n s  up t o  5mM. At c o n c e n t r a t i o n s  
above t h i s ,  a d e c r e a s e  i n  th e  r a t e  o f  d i v i s i o n  was s e e n .  
R a d i o a c t i v e  t h y m id in e  and u r i d i n e  i n c o r p o r a t i o n  i n t o  a c i d -  
i n s o l u b l e  m a t e r i a l  was u n a f f e c t e d  by 2mM 3 -a m in o b e n z a m id e .
[ - A d e n o s i n e  i n c o r p o r a t i o n  was i n h i b i t e d  and [ ^ H ] - l e u c i n e  
i n c o r p o r a t i o n  was t r a n s i e n t l y  s t i m u l a t e d .  NAD l e v e l s  i n  
L1210 c e l l s  i n c r e a s e d  upon 3-am inobenzam ide  t r e a t m e n t  
compared t o  c o n t r o l s .
The s u i t a b i l i t y  o f  3 -am inobenzam ide  as a p rob e  iju v i v o  
and th e  a p p ro a ch  o f  u s i n g  i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  iji  v ivQ  are  d i s c u s s e d .  R e g u l a t o r y  f u n c t i o n s  
p r e v i o u s l y  a s c r i b e d  t o  A D P - r i b o s y l a t i o n  o f  n u c l e a r  p r o t e i n s  
are  d i s c u s s e d  i n  v i e w  o f  th e  p r e s e n t  f i n d i n g s .
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1 .  INTRODUCTION
A D P - r i b o s y l a t i o n  i s  an e n z y m e - c a t a l y s e d  p o s t - s y n t h e t i c  
m o d i f i c a t i o n  o f  p r o t e i n s  by t h e  A D P -r ib o s e  m o ie t y  o f  NAD.
I t  i s  known t o  be  r e s p o n s i b l e  f o r  t h e  i n h i b i t i o n  o f  p r o t e i n  
s y n t h e s i s  by b o t h  d i p t h e r i a  and P . a e r o g i n o s a  t o x i n s .  The 
c a t a l y t i c  s u b u n i t s  o f  b o t h  t h e s e  t o x i n s  i n a c t i v a t e  e l o n g ­
a t i o n  f a c t o r  Tu ( 1 ) .  The amino a c i d  m o d i f i e d  by d i p t h e r i a  
t o x i n  h a s  b e e n  r e c e n t l y  i d e n t i f i e d  as 2 - [ 3 - (carb oxyam id o)
- 3 - ( t r im e th y la m m o n io )  p r o p y l ]  h i s t i d i n e  ( 2 ) .  Both c h o l e r a  
t o x i n  and E . c o l i  h e a t - l a b i l e ;  è n t ë r ô t b x i n  e x e r t  t h e i r  e f f e c t s  
by a c t i v a t i n g  a d e n y l  c y c l a s e  ( 1 , 3 ) .  T h i s  a c t i v a t i o n  i s  t h e  
c o n s e q u e n c e  o f  t h e  A D P - r i b o s y l a t i o n  o f  a r e g u l a t o r y  p r o t e i n ,  
which h a s  b e e n  i d e n t i f i e d  as t h e  G TP-b ind ing  p r o t e i n  ( 4 , 5 ) .  
The amino a c i d  a c c e p t o r  f o r  b o t h  t o x i n s  has  b een  i d e n t i f i e d  
as a r g i n i n e  ( 6 ) .
A D P - r i b o s y l a t i o n  o f  RNA p o ly m e r a s e  h as  b ee n  o b s e r v e d  
f o l l o w i n g  t h e  i n f e c t i o n  o f  E . c o l i  by T4 ( 7 , 8 , 9 ) .  The ADP- 
r i b o s y l a t i o n  t a k e s  p l a c e  i n  two d i s t i n c t  p h a s e s .  Im m e d ia te ly  
f o l l o w i n g  i n f e c t i o n  t h e  enzyme i s  A D P - r i b o s y l a t e d  by a phage  
p r o t e i n .  T h i s  h a s  b e e n  term ed  a l t e r a t i o n .  A f t e r  t r a n s c r i p ­
t i o n  o f  t h e  phage  g e n e ,  RNA p o ly m e r a s e  i s  m o d i f i e d  a g a i n ,  
p resu m ab ly  by  a p r o t e i n  en co d e d  i n  t h e  T4 DNA. T h i s  ADP- 
r i b o s y l a t i o n  h a s  b e e n  t erm ed  m o d i f i c a t i o n .  In b o t h  c a s e s ,  
t h e  « - s u b u n i t s  o f  RNA p o ly m e r a s e  a r e  A D P - r i b o s y l a t e d  a t  t h e  
same s i t e .  The m o d i f i e d  enzyme t r a n s c r i b e s  t h e  phage DNA 
p r e f e r e n t i a l l y .  A n o t h e r  c o l i p h a g e ,  N4, h a s  a l s o  b e e n  
r e p o r t e d  t o  c o n t a i n  an i n t r i n s i c  A D P -r ib p s y l  t r a n s f e r a s e  
a c t i v i t y  ( 1 0 ) .
-  2 -
The f i r s t  d e m o n s t r a t i o n  o f  A D P - r i b o s y l a t i o n  o f  p r o t e i n s  
was t h a t  w h ich  was found  t o  o c c u r  in  t h e  n u c l e i  o f  e u k a r o t i c  
c e l l s  ( 1 1 , 1 2 , 1 3 ) .  T h is  f o l l o w e d  t h e  o b s e r v a t i o n  t h a t  
n i c o t i n a m i d e  m o n o n u c l e t i d e  s t i m u l a t e d  t h e  i n c o r p o r a t i o n  o f  
pH]-ATP i n t o  a c i d - i n s o l u b l e  m a t e r i a l  by hen l i v e r  n u c l e i  
( 1 4 ) .  The enzyme r e s p o n s i b l e  f o r  t h i s  m o d i f i c a t i o n  i s  
c a l l e d  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  o r  p o l y m e r a s e .  I t s  name 
i s  d e r i v e d  from t h e  f a c t  t h a t  u n l i k e  t h e  A D P -r ib o s y l  
t r a n s f e r a s e s  m e n t io n e d  a b o v e ,  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
i s  a b l e  t o  make a p r o t e i n  bound homopolymer o f  A D P - r ib o s e ,  
p o l y ( A D P - r i b o s e ) .
A D P - r i b o s y l a t i o n ,  in  g e n e r a l ,  and p o l y ( A D P - r i b o s y l )  
a t i o n  i n  p a r t i c u l a r  have b een  e x t e n s i v e l y  r e v i e w e d  
p r i n c i p a l l y  by Sugimura (15 )  H i l z  & S tone  (1 )  and H a y a i s h i  
& Ueda ( 1 6 ) .  T h is  i n t r o d u c t i o n  w i l l  be c o n c e r n e d  e x c l u s i v e l y  
w i t h  e u k a r y o t i c  A D P - r i b o s y l a t i o n  ( u n l e s s  o t h e r w i s e  s t a t e d ,  
A D P - r i b o s y l a t i o n  r e f e r s  t o  m o d i f i c a t i o n  by e i t h e r  mono or  
p o l y  ( A D P - r i b o s e ) )  and w i l l  c o n c e n t r a t e  on d a ta  w hich  has  
emerged s i n c e  t h e  above  r e v i e w s  w ere  p u b l i s h e d .
-  3 -
1 . 2 .  A D P - r i b o s y l a t i o n  o f  N u c l e a r  P r o t e i n s
1 . 2 . 1  The s t r u c t u r e  o f  mono- and p o l y ( A D P - r i b o s e ) - p r o t e i n  
c o n j u g a t e s
A D P - r i b o s e  i s  a t t a c h e d  t o  p r o t e i n s  t h r o u g h  t h e  f r e e  
r i b o s e  m o l e c u l e  by two d i s t i n c t  t y p e s  o f  bonds  and t h e  
o b s e r v a t i o n  h a s  b ee n  made t h a t  f o l l o w i n g  i n c u b a t i o n  o f  
i s o l a t e d  r a t  l i v e r  n u c l e i  w i t h  NAD, r a d i o a c t i v e l y  
l a b e l l e d  i n  t h e  a d e n in e  m o i e t y ,  a l l  r a d i o a c t i v i t y  i s  
removed by  d i l u t e  a l k a l i  b u t  o n l y  60% i s  removed by  
n e u t r a l  h y d r o x y l a m i n e  ( 1 7 ) .  Endogenous m ono-A D P -r ibose  
r e s i d u e s  l i n k e d  t o  p r o t e i n s  i s o l a t e d  from E. A. T.  c e l l s  
and r a t  l i v e r  h a v e  a l s o  b e e n  r e p o r t e d  t o  p o s s e s s  s i m i l a r  
l a b i l i t i e s  (1 8 )  a l t h o u g h  t h e  r e l a t i v e  p r o p o r t i o n s  o f  ea ch  
ty p e  o f  l i n k a g e  a r e  d i f f e r e n t  ( s e e  s e c t i o n  2 . 3 )  in  t h e  two  
t i s s u e s .  More r e c e n t l y ,  i t  has  b ee n  s u g g e s t e d  t h a t  a t h i r d ,  
a l k a l i - r e s i s t a n t  bond may e x i s t  v i v o  ( 1 9 ) .  I t  s h o u l d  
be m e n t i o n e d  h e r e  t h a t  p o l y  ( A D P -r ib o se )  i s  s t a b l e  i n  a l k a l i  
( 1 5 , 2 0 ) .
P r o p o s a l s  as  t o  t h e  n a t u r e  o f  t h e  l i n k a g e  t o  p r o t e i n  
vary  from a c a r b o x y l i c  a c i d  e s t e r  ( 2 1 , 2 2 ) ,  a S c h i f f  b a s e  
w i t h  l y s i n e  ( 2 3 )  o r  a p h o s p h o d i e s t e r a s e  l i n k a g e  w i t h  
p h o s p h o s e r i n e  ( 2 4 , 2 5 ) .  The c a r b o x y l i c  a c i d  e s t e r  was 
p r o p o s e d  t o  a c c o u n t  f o r  t h e  l a b i l i t y  t o w a r d s  h y d r o x y l a m i n e .  
I t  has  s i n c e  b e e n  r e p o r t e d  t h a t  g l u t a m i c  a c i d  r e s i d u e s  a t  
p o s i t i o n  2 a r e  A D P - r i b o s y l a t e d  i n  b o t h  h i s t o n e s  HI and  
H2B (26 , 2 7 ) .  H a y a i s h i  e ^  ajL (28 )  h a v e  a l s o  r e p o r t e d  
A D P - r i b o s y l a t i o n  a t  t h e s e  p o s i t i o n s  a n d ,  i n  a d d i t i o n ,  a t  
p o s i t i o n s  4 and 116 i n  HI. More r e c e n t l y ,  t h e  same group
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r e p o r t e d  t h e  COOH t e r m i n a l  was a l s o  m o d i f i e d  ( 2 9 ) .  Both  
groups u s e d  i s o l a t e d  n u c l e i  from r a t  l i v e r .
The c h e m i c a l  s t r u c t u r e  o f  p o l y ( A D P - r i b o s e )  was f i r s t  
e l u c i d a t e d  by D oly  ( 1 1 ) .  The anom eric  carb on  o f  one ADP- 
r i b o s e  was fou nd  t o  be a t t a c h e d  t o  t h e  a d e n o s i n e  m o ie t y  
o f  th e  n e x t  v i a  a l " - 2 ’ g l y c o s i d i c  l i n k a g e .  S u b seq u en t  
NMR a n a l y s e s  o f  e i t h e r  pure p o l y  ( A D P -r ib o se )  (3 0 )  o r  i t s  
d e g r a d a t i o n  p r o d u c t ,  2 ’ -  ( 5 " - p h o s p h o r i b o s y l ) - 5 '  AMP or  
PR-AMP ( 3 0 - 3 2 ) ,  h ave  i d e n t i f i e d  t h e  l i n k a g e  as  « ( 1 ^ - 2 ' )
-  s e e  F i g u r e  1 .
R ec en t  s t u d i e s  on t h e  c h a i n  l e n g t h  o f  p o l y ( A D P - r i b o s e )  
formed i n  i s o l a t e d  n u c l e i  show t h e  p r o d u c t  may h ave  as  
many as  65 A D P -r ib o s e  r e s i d u e s .  The e a r l i e s t  method o f  
d e t e r m i n i n g  t h e  c h a i n  l e n g t h  was by i n c u b a t i n g  i s o l a t e d  
n u c l e i  w i t h  r a d i o a c t i v e l y  l a b e l l e d  NAD, d i g e s t i n g  t h e  
p ro d u c t  w i t h  snake  venom p h o s p h o d i e s t e r a s e ,  r e s o l u t i o n  o f  
5 ’AMP and PR-AMP by paper  ch rom atography  and a n a l y s i s  o f  
t h e  r a d i o a c t i v i t y  a s s o c i a t e d  w i t h  each  compound. The 
r a t i o  o f  t h e  t o t a l  r a d i o a c t i v i t y  (AMP and PRAMP) t o  t h e  
r a d i o a c t i v i t y  i n  AMP g i v e s  an a v e r a g e  c h a i n  l e n g t h  ( 2 2 ) .
The f i r s t  method o f  r e s o l v i n g  p o l y  ( A D P -r ib o se )  o f  d i f f e r i n g  
c h a in  l e n g t h s  was t h a t  o f  Sugimura e^ ^  ( 3 3 ) .  I s o l a t e d  
n u c l e i  l a b e l l e d  w i t h p ^ C j -N A D  w ere  d i g e s t e d  w i t h  p r o n a se  
and t h e  p o l y ( A D P - r i b o s e )  and n u c l e i  a c i d s  were  p r e c i p i t a t e d  
w i t h  e t h a n o l .  The p e l l e t  was r e s u s p e n d e d  and s u b j e c t e d  
t o  h y d r o x y l a p a t i t e  column c h ro m a to g ra p h y ;  e l u t i o n  was 
e f f e c t e d  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  p h o s p h a t e  
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p o l y ( A D P - r i b o s e )  , t h e y  o b s e r v e d  a l i n e a r  r e l a t i o n s h i p  
b etw een  c h a i n  l e n g t h  and c o n c e n t r a t i o n  o f  p h o s p h a t e .  The 
same group l a t e r  a n a l y s e d  ea c h  o f  t h e  o b s e r v e d  p ea k s  by 
g e l  e l e c t r o p h o r e s i s  and fou nd  each  peak  c o m p r ise d  o f  two 
s u b f r a c t i o n s  d i f f e r i n g  i n  b o t h  c h a i n  l e n g t h  and t e r m i n a l  
s t r u c t u r e  ( 3 4 ) .  They s u g g e s t  t h e  l a t t e r  may be due t o  
p a r t i a l  d e g r a d a t i o n  by h y d r o l y t i c  enzym es .
A d am ietz  e t  al^ (3 5 )  u s e d  p o l y a c r y l a m i d e  g e l  
e l e c t r o p h o r e s i s  t o  s e p a r a t e  p o l y ( A D P - r i b o s e )  m o l e c u l e s  o f  . 
d i f f e r i n g  c h a i n  l e n g t h s  a f t e r  a l k a l i n e  d e g e s t i o n  o f  
l a b e l l e d  i s o l a t e d  n u c l e i .  D i s c r e t e  bands c o r r e s p o n d i n g  
t o  p o l y ( A D P - r i b o s e )  o f  up t o  33 r e s i d u e s  i n  l e n g t h  were  
d e t e c t e d  by  f l u o r o g r a p h y . They w ere  a b l e  t o  show 
q u a n t i t a t i v e  d i f f e r e n c e s  i n  t h e  c h a i n  l e n g t h  p a t t e r n  from 
n u c l e i  i s o l a t e d  from d i f f e r e n t  t i s s u e s  by d e t e r m i n i n g  t h e  
r a d i o a c t i v i t y  i n  ea c h  ban d .
A s i m i l a r  p r o t o c o l  was em ployed  by Tanaka e t  a l  (36)  
t o  r e s o l v e  v a r i o u s  f r a c t i o n s  o f  p o l y ( A D P - r i b o s e )  a f t e r  
h y d r o x y l a p a t i t e  column ch ro m a to g r a p h y .  They w ere  a b l e  t o  
show t h e  p r e s e n c e  o f  a t  l e a s t  65 d i s c r e t e  b a n d s .  A f t e r  
a n a l y s i n g  t h e  c h a i n  l e n g t h  o f  ea ch  band by t h e  method o f  
N i s h i z u k a  e t  ad. ( 2 2 ) ,  t h e y  found an i n c r e a s i n g  c h a i n  
l e n g t h  up t o  ( A D P - r ib o s e )  30 .  Bands w i t h  s l o w e r  m o b i l i t i e s ,  
h o w e v e r ,  showed no i n c r e a s e d  c h a i n  l e n g t h  by t h e  p h o sp h o ­
d i e s t e r a s e  m eth od .  They s u g g e s t  t h i s  c o u l d  be due t o  t h e  
p r e s e n c e  o f  a b r a n c h e d  p o ly m e r  h a v i n g  more th a n  on e  AMP 
t e r m i n u s .  R e c e n t l y ,  Miwa e t  ( 3 7 , 3 8 )  have  i s o l a t e d  and
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i d e n t i f i e d  a b r a n c h e d  s t r u c t u r e  w hereby  a d d i t i o n a l  ADP- 
r i b o s e  m o l e c u l e s  a r e  a t t a c h e d  t o  p o l y  ( A D P -r ib o se )  v i a  a 
l " ’ - 2 '’ g l y c o s i d i c  l i n k a g e  w i t h  t h e  r i b o s e  t o  w h ich  t h e  
n i c o t i n a m i d e  was o r i g i n a l l y  a t t a c h e d .
F a r z a n e h  & P e a r so n  (39)  u s e d  t h e  h y d r o x y l a p a t i t e  
column ch ro m a to g ra p h y  method t o  d e t e r m i n e  t h e  c h a in  
l e n g t h  o f  p o l y  ( A D P -r ib o se )  d u r in g  d e v e lo p m e n t  o f  Xenopus  
l a e v i s .  In a l l  c a s e s  t h e y  found t h i s  method gave  l a r g e r  
e s t i m a t e s  t h a n  t h e  p h o s p h o d i e s t e r a s e  method o f  N i s h i z u k a  . 
e t  a l  ( 2 2 ) .  They p r o p o s e d  t h a t  pH]-NAD was i n c o r p o r a t e d  
in  v i t r o  o n t o  p r e - e x i s t i n g  c h a i n s  s y n t h e s i s e d  v i v o .
The same group h a v e  r e c e n t l y  r e p o r t e d  a s i m i l a r  r e s u l t  
a f t e r  a n a l y s i n g  t h e  r e a c t i o n  p r o d u c t  from BHK c e l l s  ( 4 0 ) .
1 . 2 . 2  I d e n t i f i c a t i o n  o f  p r o t e i n s  m o d i f i e d  in  v i t r o
The g e n e r a l  method f o r  d e t e r m i n i n g  t h e  number o f  
p r o t e i n  a c c e p t o r s  h a s  b e e n  t o  i s o l a t e  n u c l e i  and t h e n  
i n c u b a t e  w i t h  r a d i o a c t i v e  NAD. A f t e r  e l e c t r o p h o r e s i s  and 
a u t o r a d i o g r a p h y ,  t h e  r a d i o a c t i v e  r e g i o n s  can be compared  
w i t h  g e l  s t a i n e d  f o r  p r o t e i n .  U s i n g  t h i s  m eth od ,  a l a r g e  
number o f  p r o t e i n s  h a v e  b ee n  shown t o  be  m o d i f i e d  in  a 
w id e  v a r i e t y  o f  t i s s u e s  ( 4 1 - 4 3 ) .  Both h i s t o n e s  and 
n o n - h i s t o n e  p r o t e i n s  a r e  A D P - r i b o s y l a t e d  a l t h o u g h  t h e  
r e l a t i v e  p r o p o r t i o n  o f  l a b e l  in  e a c h  f r a c t i o n  v a r i e s  
b e tw e e n  d i f f e r e n t  t i s s u e s  ( s e e  r e v i e w  by H i l z  & Stone  ( 1 ) )  
R e c e n t l y ,  a p o w e r f u l  new t e c h n i q u e  was r e p o r t e d  f o r  t h e  
s p e c i f i c  i s o l a t i o n  A D P - r i b o s y l a t e d  p r o t e i n  from a r e a c t i o n  
m ix t u r e  ( 4 4 ) .  The c h r o m a to g r a p h ic  method em ploys  t h e
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f o r m a t i o n  o f  a com plex  b e tw e e n  t h e  c i s  d i o l s  o f  mono and 
p o l y ( A D P - r i b o s e )  and i m m o b i l i z e d  am inophenyl  b o r o n i c  a c i d .  
The a u t h o r s  h a v e  shown t h a t  i n  r a t  l i v e r  n u c l e i ,  h i s t o n e s  
HI, H2A, H2B and t h e  HMG p r o t e i n s  w ere  m o d i f i e d  ( 2 8 ) .  More 
r e c e n t l y ,  t h e  same group a l s o  r e p o r t e d  p r o t e i n  A24 was 
A D P - r i b o s y l a t e d  ( 4 5 ) .
The e a s e  w i t h  w h ich  r e l a t i v e l y  pure  h i s t o n e s  can be  
o b t a i n e d  from n u c l e i  e . g .  i n o r g a n i c  a c i d  e x t r a c t i o n  and 
Bio - R e x  70 c h r o m a to g r a p h y ,  has  meant t h a t  most  w o r k er s  
have  c o n c e n t r a t e d  t h e i r  a t t e n t i o n  on t h e s e  p r o t e i n s  ( s e e  
[ l ] ) .  From t h e  d a t a  o b t a i n e d ,  t h e  m ajor  h i s t o n e  a c c e p t o r  
has  b e e n  r e p o r t e d  t o  be H2B i n  r a t  o r  mouse l i v e r  (44 )  
wheat  embryos (4 6 )  and c u l t u r e d  n i c o t i n i a  tabaCcum c e l l s
( 4 7 ) ,  w h e r e a s  i n  HeLa c e l l  n u c l e i  ( 4 3 ) ,  r a t  b r a i n  or  MS 
c e l l  n u c l e i  ( 4 1 ) ,  t h e  major  a c c e p t o r  was HI. Tanuma e^ ^
(48)  fo u n d  t h a t  t h e  b u l k  o f  t h e  r a d i o a c t i v i t y  m i g r a t e d  
s l o w e r  t h a n  HI.  S to n e  e t  ^  (49)  on f i n d i n g  a s i m i l a r  
r e s u l t  c h a r a c t e r i z e d  t h i s  m a t e r i a l  and found i t  c o n s i s t e d  
o f  two HI m o l e c u l e s  j o i n e d  by a s i n g l e  p o l y ( A D P - r i b o s e )  
m o l e c u l e  w i t h  an a v e r a g e  c h a i n  l e n g t h  o f  15 .  S i m i l a r  
r e s u l t s  h a v e  a l s o  b e e n  r e p o r t e d  by S m u lso n ’ s group in  
HeLa c e l l s  ( 5 0 ) ,  H i l z ' s  group in  HeLa c e l l s  (51)  and by  
K i d w e l l ’ s group  i n  HBL-100 c e l l s  and l a c t a t i n g  r a t  
mammary g l a n d  ( 5 2 ) .
R e c e n t  f i n d i n g s  by Adamietz  e t  aD (53)  c a s t  doubt a s  
t o  t h e  v a l i d i t y  o f  i d e n t i f y i n g  p r o t e i n  a c c e p t o r s  by m o b i l i t y  
on g e l  e l e c t r o p h o r e s i s .  They u se d  a b o r o n a t e  column t o
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i s o l a t e  p H ] - A D P - r i b o s y l a t e d  p r o t e i n s  from E.A.T. c e l l  
n u c l e i .  The p r o t e i n s  w ere  t h e n  s e p a r a t e d  i n t o  a h i s t o n e  
f r a c t i o n  and a n o n - h i s t o n e  f r a c t i o n  by B iorR ex  70 chromo-  
t o g r a p h y .  SDS g e l  e l e c t r o p h o r e s i s  and p r o t e i n  s t a i n i n g  
o f  t h e  h i s t o n e  f r a c t i o n  r e v e a l e d  two m ajor  b a n d s ,  one  
s l i g h t l y  a h ead  o f  H2B and t h e  o t h e r  ahead  o f  H4 w i t h  two 
minor bands  b e t w e e n  t h e s e  tw o .  I f ,  h o w e v e r ,  t h i s  f r a c t i o n  
was t r e a t e d  w i t h  a l k a l i  t o  remove t h e  A D P - r i b o s e ,  t h e  major  
a c c e p t o r s  w ere  i d e n t i f i e d  as H2B and H4 and t o  a l e s s e r  
e x t e n t  H3 and H2A. More s t r i k i n g  r e s u l t s  were o b s e r v e d  
a f t e r  e l e c t r o p h o r e s i s  o f  t h e  n o n - h i s t o n e  f r a c t i o n .  B e s i d e s  
major bands  w i t h  m o l e c u l a r  w e i g h t s  r a n g i n g  from 3 1 , 0 0 0  t o  
above 1 2 0 , 0 0 0 , t h e y  o b s e r v e d  a s e r i e s  o f  f i n e  bands  w i t h  
m o l e c u l a r  w e i g h t s  r a n g i n g  from 1 2 , 0 0 0  t o  3 0 , 0 0 0 .  When 
t r e a t e d  w i t h  a l k a l i ,  t h e s e  d i s a p p e a r e d  and t h e  m ajor  s t a i n e d  
bands c o r r e s p o n d e d  t o  t h e  c o r e  h i s t o n e s  ( H2A, B, 3 & 4 ) .  Thus 
h e a v i l y  m o d i f i e d  h i s t o n e s  n o t  o n l y  b e h a v e  d i f f e r e n t l y  as  
r e g a r d s  t h e i r  m o b i l i t y  on SDS g e l  e l e c t r o p h o r e s i s  b u t  a l s o  
on io n  e x c h a n g e  ch r o m a to g r a p h y .
A s e c o n d  a p p ro a ch  t o  d e t e r m i n e  w h e t h e r  a s p e c i f i c  
p r o t e i n  i s  an a c c e p t o r  h a s  b e e n  t o  add t h e  p u r i f i e d  p r o t e i n  
t o  a m i x t u r e  o f  p u r i f i e d  p o l y ( A D P - r i b o s e )  s y n t h e t a s e ,  DNA 
and r a d i o a c t i v e  NAD. In t h i s  manner a Ca '̂*', MgZ+ d ep en d en t  
e n d o n u c l e a s e  (54 )  and p o l y  ( A D P - r i b o s e ) s y n t h e t a s e  (55)  
and RNA p o l y m e r a s e  B( 5 6 )  h ave  b een  shown t o  a c t  as a c c e p t o r s . »  
When Okayama e ^  ^  ( 57)  a t t e m p t e d  t o  show A D P - r i b o s y l a t i o n  
o f  h i s t o n e s  t h e y  c o u l d  n o t  d e t e c t  any r a d i o a c t i v i t y  m i g r a t i n g  
w i t h  p r o t e i n  . The b u l k  o f  t h e  r a d i o a c t i v i t y  m i g r a t e d  w i t h
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an R£ o f  0 . 5 8 .  T h i s  h a s  s i n c e  b e e n  shown t o  be NAD b e c a u s e  
t h e  m a t e r i a l  was p r e s e n t  when t h e  enzyme was o m i t t e d  or  
when NAD a l o n e  was e l e c t r o p h o r e s e d  ( 5 8 ) .  R e c e n t l y ,  
h o w e v e r ,  t h r e e  groups  have  d e m o n s t r a t e d  A D P - r i b o s y l a t i o n  
o f  h i s t o n e s  u s i n g  t h i s  method ( f o r  d e t a i l s  s e e  s e c t i o n  2 . 4 )
1 . 2 . 3  I d e n t i f i c a t i o n  o f  p r o t e i n  a c c e p t o r s  in  v i v o  and 
q u a n t i f i c a t i o n  o f  mono and p o l y  ( A D P -r ib o se )
In c o n t r a s t  t o  m o d i f i c a t i o n  iji  v i t r o , v e r y  l i t t l e  
r e s e a r c h  t o  d a t e  h a s  b e e n  d i r e c t e d  a t  t h e  i d e n t i f i c a t i o n  
o f  p r o t e i n s  A D P - r i b o s y l a t e d  iji v i v o . The major problem  
i s  t h e  l a c k  o f  a s p e c i f i c  p r e c u r s o r  f o r  r a d i o i s o t o p i c  
s t u d i e s .  The com ponents  o f  A D P - r i b o s e ,  v i z  a d e n i n e ,  r i b o s e  
and p h o s p h a t e ,  a r e  i n c o r p o r a t e d  i n t o  compounds such  as  
n u c l e i c  a c i d s , g l y c o p r o t e i n s  and p h o s p h o p r o t e i n s . Thus f o r  
t r a c e r  s t u d i e s  t h e s e  c o n t a m i n e n t s  must be  removed b e f o r e  
a n a l y s i s  ca n  b e g i n .  For t h i s  r e a s o n ,  t h e  most s t u d i e d  
p r o t e i n s  h a v e  b e e n  t h e  h i s t o n e s  b e c a u s e  o f  t h e  r e l a t i v e  
e a s e  w i t h  w h ic h  t h e y  can be p u r i f i e d .  A D P - r i b o s y l a t i o n  
o f  h i s t o n e s  was f i r s t  d e m o n s t r a te d  by H a y a i s h i ' s  group in  
1975 ( 5 9 ) .  A f t e r  t h e  i n j e c t i o n  o f  r a t s  w i t h  - r i b o s e ,
t h e  l i v e r s  were  e x c i s e d  and n u c l e i  i s o l a t e d .  The h i s t o n e s  
were e x t r a c t e d  w i t h  0. 25M HCl and t h e n  p u r i f i e d  by CM- 
c e l l u l o s e  ch r o m a to g r a p h y .  The r a d i o a c t i v i t y  e l u t e d  w i t h  
HI, H2 and H3. Ord and S to c k e n  (6 0 )  u s e d  a s i m i l a r  method  
t o  show HI was m o d i f i e d .  In a d d i t i o n  a s m a l l  p e p t i d e  and 
p r o t e i n  PI w ere  A D P - r i b o s y l a t e d .  A dam ietz  e^ a]  ̂ (51 )  
compared A D P - r i b o s y l a t i o n  o f  HI i n  v i t r o  and i n  v i v o  in
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HeLa c e l l s .  The HI was o b t a i n e d  by p e r c h l o r i c  a c i d  
e x t r a c t i o n  o f  [^ b Q -a d en o s in e  l a b e l l e d  c e l l s  f o l l o w e d  by 
B io -R e x  70 c h r o m a to g ra p h y .  A f t e r  snake  venom p h o s p h o d i e ­
s t e r a s e  d i g e s t i o n ,  t h e  m a j o r i t y  o f  r a d i o a c t i v e  m a t e r i a l  
m ig r a t e d  as  AMP w i t h  t h e  r em a in d e r  m i g r a t i n g  as  PR-AMP.
Thus in  HeLa c e l l s ,  HI was m o d i f i e d  p r e d o m in a n t l y  w i t h  
m o n o - ( A D P - r ib o s e )  b u t  a l s o  w i t h  o l i g o m e r i c  m a t e r i a l .  HI 
was m a in ly  a s s o i a t e d  w i t h  p o l y ( A D P - r i b o s e )  when n u c l e i  
were l a b e l l e d  iji  v i t r o . Thus ,  A D P - r i b o s y l a t i o n  o f  HI 
in  v i v o  i s  q u i t e  d i f f e r e n t  from t h a t  o b s e r v e d  i n  i s o l a t e d  
n u c l e i .  M o d i f i c a t i o n  o f  h i s t o n e s  by p o l y  (A D P -r ib o se )
( g r e a t e r  t h a n  4 u n i t s  l o n g )  was s t u d i e d  by means o f  an 
a n t i - p o l y ( A D P - r i b o s e )  a n t i b o d y  ( s e e  b e l o w )  ( 6 1 ) .  Less  
than  1 % o f  t h e  t o t a l  p o l y ( A D P - r i b o s e )  i n  r a t  l i v e r  was 
a s s o c i a t e d  w i t h  h i s t o n e s .  T h is  h i s t o n e  a s s o c i a t e d  m a t e r i a l  
was e v e n l y  d i s t r i b u t e d  b e tw e e n  HI,  H2A, H2B and H3.
The f i r s t  a t t e m p t  t o  q u a n t i f y  l e v e l s  o f  p o l y  (ADP- 
r i b o s e )  m  v i v o  was t h e  i s o t o p e  d i l u t i o n  method o f  S tone  
e t  a l  ( 6 2 ) .  p H ] - p o l y ( A D P - r i b o s e )  o f  known s p e c i f i c  a c t i v i t y  
( s y n t h e s i z e d  ^  v i t r o ) was added t o  a hom ogenate  o f  r a t  
l i v e r .  T h i s  was t h e n  t r e a t e d  w i t h  a l k a l i  and h y d r o x y la m in e  
t o  r e l e a s e  en d o g e n o u s  p o l y  ( A D P -r ib o se )  from p r o t e i n s .  A f t e r  
p a r t i a l  p u r i f i c a t i o n  by i o n  e x c h a n g e ,  t h e  m a t e r i a l  was 
d i g e s t e d  w i t h  p h o s p h o d i e s t e r a s e  and PR-AMP was p u r i f i e d  by 
c h r o m a to g r a p h y .  The f i n a l  s t e p  c o n s i s t e d  o f  c o n v e r s i o n  t o  
r i b o s y l - a d e n o s i n e  and p u r i f i c a t i o n  t o  c o n s t a n t  s p e c i f i c  
r a d i o a c t i v i t y .  From t h i s  and t h e  known s t a r t i n g  s p e c i f i c  
a c t i v i t y  t h e  amount o f  end ogen ou s  p o l y ( A D P - r i b o s e )  c o u l d  be
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c a l c u l a t e d .  V a l u e s  o f  5 . 5 9  n m o les /m g  DNA were o b t a i n e d  
f o r  a d u l t  r a t  l i v e r  and 6 . 3 2  nm oles /m g  DNA f o r  n e o n a t a l .
Two g ro u p s  h a v e  u s e d  f l u o r i m e t r i c  a s s a y s  f o r  a d e n o s in e  
t o  q u a n t i f y  p o l y  ( A D P - r ib o s e )  l e v e l s  iji v i v o . M a n d e l ’ s 
group (6 3 )  t r e a t e d  i s o l a t e d  n u c l e i  from r a t  l i v e r  w i t h  
a l k a l i  t o  r e l e a s e  t h e  p o l y ( A D P - r i b o s e )  and u s e d  a f o u r  
s t e p  p r o c e d u r e  t o  p u r i f y  i t .  A f t e r  en zy m ic  h y d r o l y s i s  t o  
e i t h e r  PR-AMP o r  A D P - r i b o s e ,  t h e y  r e a c t e d  t h e  p r o d u c t  w i t h  
g l y o x a l  and d e t e r m i n e d  t h e  l e v e l s  s p e c t r o f l u o r o m e t r i c a l l y .
The v a l u e  f o r  a d u l t  r a t  l i v e r  o b t a i n e d  was 3 . 3 5  nm oles /m g  
DNA. The s e c o n d  m ethod ( 6 4 , 6 5 )  was u s e d  t o  e s t i m a t e  l e v e l s  
in  3T3 c e l l s .  A f t e r  a c i d  p r e c i p i t a t i o n  o f  t h e  c e l l s ,  t h e  
p e l l e t  was r e s u s p e n d e d  i n  6M g u a n i d i n e  HCl and a p p l i e d  t o  
a b o r o n a t e  co lumn ( s e e  p r e v i o u s  s e c t i o n ) . A f t e r  w a s h i n g ,  
t h e  p o l y ( A D P - r i b o s e )  was d i g e s t e d  t o  n u c l e o s i d e s  w i t h  p h o s ­
p h o d i e s t e r a s e  and p h o s p h a t a s e .  The n u c l e o s i d e s  w ere  t h e n  
e l u t e d  and r e a c t e d  w i t h  c h l o r o a c e t a l d e h y d e  t o  g i v e  t h e  
e t h e n o - a d e n o s i n e  d e r i v a t i v e s  w h ich  w ere  s e p a r a t e d  by HPLC.
The v a l u e  o b t a i n e d  was 5 p m oles  o f  r i b o s y l  a d e n o s i n e / 1 0 ® 
c e l l s .
A n t i b o d i e s  a g a i n s t  p o l y ( A D P - r i b o s e )  have  b e e n  u s e d  as  
t h e  b a s i s  f o r  d e t e r m i n i n g  l e v e l s  dji v i v o  r a d i o i m m u n o l o g i c a l l y  
The f i r s t  r e p o r t  o f  a n t i b o d i e s  r a i s e d  a g a i n s t  p o l y  (ADP- 
r i b o s e )  was from S u g im u r a ' s  group ( 6 6 ) .  The f i n a l  
p r e p a r a t i o n  was h i g h l y  s p e c i f i c  and c o u l d  d e t e c t  l e v e l s  o f  
5yg in  t h e  a s s a y .  The a u t h o r s  l a t e r  r e p o r t e d  l e v e l s  in  
p i g  thymus t o  be  0 . 2 y g / m g  DNA ( 6 7 ) .  K i d w e l l  & Mage (6 8 )
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u se d  s i m i l a r  a n t i b o d i e s  t o  s t u d y  t h e  l e v e l s  o f  po ly (A D P-  
r i b o s e )  d u r i n g  t h e  c e l l  c y c l e  o f  HeLa c e l l s .  The maximum 
l e v e l  o b s e r v e d  was 83 ng/mg DNA. Kun’ s group r a i s e d  
a n t i b o d i e s  a g a i n s t  p o l y ( A D P - r i b o s e ) a n d  e s t i m a t e d  l e v e l s  
i n  v a r i o u s  t i s s u e s  ( 6 9 ) .  The v a l u e s  o b t a i n e d  ra n g ed  from  
58 ng/mg DNA i n  r a t  l i v e r  t o  o v e r  lyg/mgDNA i n  p i g e o n  h e a r t .  
These  c o r r e s p o n d  t o  l e v e l s  o f  p o l y  (A D P -r ib o se )  w i t h  a 
c h a i n  l e n g t h  o f  4 or  more s i n c e  s m a l l e r  c h a i n  l e n g t h s  
were n o t  d e t e r m i n e d .  I t  was o f  i n t e r e s t  t o  n o t e  t h a t  
n i c o t i n a m i d e ,  an i n h i b i t o r  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
2 . 4 ) ,  i n c r e a s e d  l e v e l s  o f  p o l y ( A D P - r i b o s e )  by up t o  11 
f o l d .  T h i s  may be  due t o  i n c r e a s e d  l e v e l s  o f  s u b s t r a t e  
(NAD) i n  r e s p o n s e  t o  n i c o t i n a m i d e .  In a d d i t i o n  t o  q u a n t i t a t i o n  
o f  p o l y ( A D P - r i b o s e ) , a n t i b o d i e s  h ave  b e e n  u s e d  f o r  th e  
d e m o n s t r a t i o n  o f  p o l y  (A D P - r ib o s e )  in  t i s s u e  s e c t i o n s  from 
v a r i o u s  r a t  t i s s u e s  ( 7 0 ) .  Thé a n t i b o d i e s  were a b so r b e d  
o n to  t h e  s e c t i o n s  w h ich  w ere  t h e n  t r e a t e d  w i t h  f l u o r e s c e n t l y  
l a b e l l e d  a n t i - l g G  a n t i b o d i e s .  In t h i s  way,  p o l y ( A D P - r i b o s e )  
was d e m o n s t r a t e d  t o  be e x c l u s i v e l y  i n  th e  n u c l e u s  and p r e s e n t  
in  a l l  r a t  t i s s u e s  s t u d i e d  e x c e p t  p e r i p h e r a l  l e u k o c y t e s .
A d i f f e r e n t  approach  t o  q u a n t i t a t i n g  p o l y ( A D P - r i b o s e )  
has  b e e n  t h e  u s e  o f  a n t i b o d i e s  d i r e c t e d  a g a i n s t  PR-AMP. In 
a d d i t i o n  t o  p r o d u c i n g  a n t i b o d i e s  d i r e c t e d  a g a i n s t  PR-AMP, 
th e  a u t h o r s  (71 )  fou nd  a n t i b o d i e s  w h ich  r e a c t e d  w i t h  p o l y  
( A D P - r i b o s e ) .  R e c e n t l y ,  t h e  form er  h ave  b e e n  u s e d  t o  e s t i m a t e  
l e v e l s  o f  p o l y ( A D P - r i b o s e )  a f t e r  d i g e s t i o n  w i t h  p h o s p h o d i e ­
s t e r a s e .  The v a l u e s  o b t a i n e d  were t e n - f o l d  h i g h e r  than  
t h o s e  o b t a i n e d  w i t h  a n t i - p o l y  ( A D P - r ib o s e )  a n t i b o d i e s  ( 7 2 ) .
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S i n c e  t h e s e  a n t i b o d i e s  w i l l  r e a c t  w i t h  PR-AMP d e r i v e d  from  
[ A D P - r i b o s e )  n >2 t h e y  p r o b a b l y  r e p r e s e n t  a more r e a l i s t i c  
e s t i m a t e .  T h i s  i s  a l s o  p r o b a b l y  an u n d e r e s t i m a t e  b e c a u s e  
t h e y  w i l l  n o t  i n c l u d e  t h e  t e r m i n a l  a d e n in e  (w hich  i s  
c o n v e r t e d  t o  5 '-AMP).
B e s i d e s  p o l y  ( A D P -r ib o s e )  and PR-AMP, p o l y A .p o l y U .  i s  
a l s o  e f f e c t i v e  i n  r a i s i n g  a n t i b o d i e s  d i r e c t e d  a g a i n s t  
p o l y ( A D P - r i b o s e )  ( 7 3 ) .  T h is  may be  s i g n i f i c a n t  s i n c e  a 
s i m i l a r  p a t t e r n  o f  r e a c t i v i t y  h a s  b een  o b s e r v e d  i n  40% o f  
t h e  s e r a  o f  p a t i e n t s  w i t h  s y s t e m i c  ly p u s  e r y t h e m a t o s u s .  A 
s i m i l a r  p r o p o r t i o n  o f  p a t i e n t ' s  s e r a  h a s  s i m i l a r  r e a c t i v i t y  
t o  a n t i b o d i e s  r a i s e d  a g a i n s t  o l i g o  ( A D P - r i b o s e ) - h i s t o n e  
c o n j u g a t e s  ( 7 4 ) .  A n t i b o d i e s  a g a i n s t  p o l y ( A D P - r i b o s e )  i n  
t h e  s e r a  o f  p a t i e n t s  w i t h  SLE w ere  f i r s t  o b s e r v e d  by 
S u g im u r a ' s  group  ( 7 5 ) .  The f i n d i n g  was s u b s e q u e n t l y  c o n f ir m e d  
b y  O k o l i e  & S h a l l  ( 76)  who s u g g e s t e d  such  a n t i b o d i e s  may 
b e  a more r e l i a b l e  d i a g n o s t i c  t e s t  f o r  t h e  d i s e a s e  th an  
t h e  p r e s e n t l y  u s e d  a n t i - d s  DNA a n t i b o d y .
The q u a n t i f i c a t i o n  o f  m on o-A D P -r ib ose  p r o t e i n  c o n j u g a t e s  
i n  v i v o  h a s  b e e n  c a r r i e d  o u t  e x c l u s i v e l y  by H i l z ' s  g rou p .
The e a r l i e s t  m ethod  was an i s o t o p e  d i l u t i o n  m eth o d ,  s i m i l a r  
t o  t h e  one d e s c r i b e d  above  f o r  p o l y ( A D P - r i b o s e ) , t o  d e t e r m in e  
h y d r o x y l a m i n e  s e n s i t i v e  m o n o -A D P -r ib o s e .  The v a l u e s  
o b t a i n e d  w ere  5 . 2 8  n m o le s /m g  DNA f o r  a d u l t  r a t  l i v e r ,  2 . 1 9  
n m o le s /m g  DNA f o r  n e o n a t a l  l i v e r  and 2 . 1 1  n m oles /m g DNA 
f o r  Z a j d e l a  hematoma c e l l s  ( 7 7 ) .
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The s e c o n d  method was an o p t i c a l  t e s t  b a s e d  on t h e  
e s t i m a t i o n  o f  5 ‘ -AMP d e r i v e d  from t h e  a l k a l i n e  h y d r o l y s i s  
o f  A D P -r ib o s e  o r  A D P - r i b o s e - p r o t e i n  c o n j u g a t e s .  The v a l u e  
o b t a i n e d  f o r  h y d r o x y la m in e  s e n s i t i v e  mono A D P -r ib o se  was 
a p p r o x i m a t e l y  Inm ole /m g DNA i n  E. A. T.  c e l l s .  T h is  v a l u e  
was i n d e p e n d e n t  o f  t h e  p o i n t  in  t h e  growth c y c l e  ( 7 8 ) .
The f i n a l  m ethod ,  and t h e  one c u r r e n t l y  i n  u s e ,  i s  a 
r a d i o i m m u n o l o g i c a l  a s s a y  b a s e d  on a n t i b o d i e s  d i r e c t e d  
a g a i n s t  5 ‘AMP ( 7 9 , 8 0 ) .  V a lu e s  f o r  s t a t i o n a r y  p h a se  E. A. T.  
c e l l s  w ere  1 . 6 6  n m o les /m g  DNA ( t o t a l  i . e .  a l k a l i  l a b i l e )  
and 0 . 4 8  n m o le s /m g  DNA ( h y d r o x y l a m i n e - s e n s i t i v e ) . The 
c o r r e s p o n d i n g  v a l u e s  f o r  r a t  l i v e r  were  5 . 3  and 1 . 2 6  n m o l e s /  
mg DNA.
1 . 2 . 4  S y n t h e s i s  o f  p o l y  (A D P -r ib o se )
As s t a t e d  p r e v i o u s l y  t h e  f i r s t  r e p o r t  o f  A D P - r i b o s y l a t i o n  
was by Chambon ejt ^  (14 )  who o b s e r v e d  t h e  i n c o r p o r a t i o n  o f  
C®hJ-ATP i n t o  a c i d - i n s o l u b l e  m a t e r i a l  by r a t  l i v e r  i s o l a t e d  
n u c l e i  i n  t h e  p r e s e n c e  o f  NMN b u t  in  t h e  a b s e n c e  o f  o t h e r  
n u c l e o t i d e s .  The t r u e  s u b s t r a t e  f o r  t h e  enzyme was l a t e r  
shown t o  be  NAD ( 1 1 - 1 3 )  and s i n c e  t h a t  t im e  t h e  s y n t h e t i c  
enzyme,  p o l y ( A D P - r i b o s e )  s y n t h e t a s e ,  has  b ee n  a s s a y e d  by  
th e  i n c o r p o r a t i o n  o f  r a d i o a c t i v e  s u b s t r a t e  i n t o  a c i d  i n s o l ­
u b le  m a t e r i a l .  A summary o f  t h e  a s s a y s  u s e d  has  r e c e n t l y  
b een  p u b l i s h e d  ( 8 1 ) .  The enzyme i s  p r i n c i p a l l y  l o c a t e d  i n  
t h e  n u c l e u s .  M i t o c h o n d r i a  have  b een  r e p o r t e d  t o  p o s s e s s  
A D P -r ib o s e  t r a n s f e r a s e  a c t i v i t y  ( 8 2 ) .  T h i s  d i f f e r s  from
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t h e  n u c l e a r  enzyme i n  t h a t  mono A D P -r ib o se  i s  t r a n s f e r r e d  
t o  a s i n g l e  p r o t e i n  and t h i s  a c t i v i t y  i s  u n a f f e c t e d  by  
t h y m i d i n e ,  a p o t e n t  i n h i b i t o r  o f  t h e  n u c l e a r  enzyme ( s e e  
b e l o w ) .  R e c e n t l y ,  Koide r e p o r t e d  an enzyme s i m i l a r  t o  t h e  
n u c l e a r  enzyme i n  t h e  m i t o c h o n d r i a  o f  Xenopus l a e v i s  f o l l o w ­
in g  g e r m i n a l  v e s i c l e  breakdown ( 8 3 ) .  The p h y s i o l o g i c a l  
s i g n i f i c a n c e  o f  t h i s  i s  unknown. Smulson ( 84)  h a s  a l s o  
r e p o r t e d  t h e  p r e s e n c e  o f  what  i s  p r o b a b ly  n a s c e n t  p o l y  
(A D P - r ib o s e )  s y n t h e t a s e  a s s o c i a t e d  w i t h  r i b o s o m e s .
P o l y ( A D P - r i b o s e )  s y n t h e t a s e  has  b e e n  c h a r a c t e r i z e d  
from a w id e  ra n g e  o f  e u k a r y o t i c  o r g a n ism s  r a n g i n g  from t h e  
m yxom ycete ,  Physarum p o ly c e p h a lu m  ( 8 5 ) ,  t o  human c e l l s  ( 8 6 ) .  
The m a j o r i t y  o f  c h a r a c t e r i z a t i o n s  have  b een  c a r r i e d  out  
u s i n g  i s o l a t e d  n u c l e i .  The s p e c i f i c i t y  f o r  g-NAD i s  
h i g h ;  NADH2 , NADP, NADPH2 and =-NAD w i l l  n o t  a c t  as  
s u b s t r a t e s .  S u h a d o ln ik  e;t ^  ( 87)  h a s  l o o k e d  a t  t h e  e f f e c t  
o f  v a r i o u s  NAD a n a l o g u e s  w i t h  a l t e r e d  a d e n in e  o r  r i b o s e  
m o i e t i e s .  N i c o t i n a m i d e  t u b e r c i d i n  d i n u c l e o t i d e ,  2 ’ (AMP) 
deoxy NAD and 3 ’(VMP) deoxy  NAD were a l l  i n c o r p o r a t e d ,  b u t  
t h e  a v e r a g e  c h a i n  l e n g t h  was lo w e r  t h a n  w i t h  NAD. The 
f a c t  t h a t  2 ’ d e o x y  NAD i s  i n c o r p o r a t e d  i n t o  o l i g o m e r i c  
c h a i n s  i s  s u r p r i s i n g  b e c a u s e  t h e  2 ’h y d r o x y l  ( n o r m a l ly  
i n v o l v e d  i n  p o ly m e r  f o r m a t i o n )  i s  a b s e n t .  I t  i s  t h o u g h t  
t h e  enzyme may be  a b l e  t o  make a l ’ - 3 ” g l y c o s i d i c  bon d .
2 ’ deoxy and 3 ’ d eoxy  NAD are  i n t e r e s t i n g  b e c a u s e  t h e y  
A D P - r i b o s y l a t e  p r e d o m i n a n t l y  n o n - h i s t o n e  p r o t e i n s  i n  HeLa 
c e l l s  and r a t  l i v e r  w h er ea s  NAD p r e d o m in a n t l y  A D P - r i b o s y l a t e s  
h i s t o n e s  i n  t h e s e  n u c l e i  ( 4 3 ) .  The mechanism by w h ic h  t h i s
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o c c u r s  i s  n o t  u n d e r s t o o d .  F i n a l l y ,  F a r in a  e t  ^  ( 8 8 ) have  
shown t h a t  t h e  f l u o r e s c e n t  e t h e n o  NAD i s  i n c o r p o r a t e d  o n to  
p r o t e i n s  i n  b u l l  or  r a t  t e s t i s  n u c l e a r  e x t r a c t s .
The s y n t h e t a s e  r e q u i r e s  Mg** f o r  a c t i v i t y  and p o s s e s s e s  
an e s s e n t i a l  t h i o l  group as  e v i d e n c e d  by i t s  i n h i b i t i o n  by 
DTNB, i n o r g a n i c  and o r g a n i c  mercury and i t s  s t i m u l a t i o n  by  
g - m e r c a p t o e t h a n o l  o r  DTI. The pH optimum i s  i n  t h e  range  
7 . 5 - 8 . 5  and t h e  optimum te m p e r a t u r e  i s  1 0 ° -1 5 ° C  b e lo w  t h e  
o p t im a l  g ro w in g  t e m p e r a t u r e  f o r  t h e  o r g a n ism .  The enzyme 
i s  t i g h t l y  bound t o  DNA r e q u i r i n g  0. 5M NaCl t o  e x t r a c t  i t .  
The enzyme p o s s e s s e s  an a b s o l u t e  r e q u ir e m e n t  f o r  DNA and 
i s  f u r t h e r  a c t i v a t e d  by f ra g m e n te d  DNA. T h is  o b s e r v a t i o n  
i s  b a s e d  upon t h e  s t i m u l a t i o n  o f  enzyme a c t i v i t y  i n  n u c l e i  
s e e n  a f t e r  l i m i t e d  n u c l e a s e  d i g e s t i o n  ( 8 9 , 9 0 ) .  R e c e n t l y  
G i l l  showed t h a t  in  a r e c o n s t i t u t e d  s y s t e m  w i t h  s u p e r c o i l e d  
p l a s m i d  DNA, t h e  a c t i v i t y  o f  th e  enzyme was s t i m u l a t e d  i f  
one n i c k  was i n t r o d u c e d  w i t h  Eco R1 r e s t r i c t i o n  e n d o n u c l e a s e  
and g r e a t l y  s t i m u l a t e d  i f  o v e r  2 0  n i c k s  w ere  i n t r o d u c e d  w i t h  
Hae I I I  e n d o n u c l e a s e  ( 9 1 ) .
The enzyme d oes  n o t  obey  normal M i c h a e l i s - M e n t e n  
k i n e t i c s .  The enzyme from b o th  BHK c e l l s  (40)  and wheat  
embryos (92 )  i s  a c t i v a t e d  a t  h i g h  s u b s t r a t e  c o n c e n t r a t i o n s .  
In c o n t r a s t ,  t h e  enzyme from r a t  p a n c r e a s  i s  a p p a r e n t l y  
i n h i b i t e d  by h i g h  c o n c e n t r a t i o n s  o f  NAD ( 9 3 ) .  Two d i f f e r e n t  
Km v a l u e s  w ere  o b t a i n e d  f o r  t h e  enzyme from HeLa c e l l s  i n  
l o g  and s t a t i o n a r y  p h a s e  ( 9 4 ) .  D i e t r i c h  & S i e b e r t  ( 95)  
o b s e r v e d  two d i f f e r e n t  Km v a l u e s  f o r  h y d r o x y la m in e  s e n s i t i v e
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and r e s i s t a n t  A D P - r i b o s y l a t i o n .  Whether t h e s e  d a t a  are  
i n d i c a t i v e  o f  two d i s t i n c t  enzyme a c t i v i t i e s  o r  i s  s im p ly  
a r e f l e c t i o n  o f  t h e  same enzyme a t t a c h i n g  A D P -r ib o s e  t o  a 
m ix t u r e  o f  p r o t e i n s  by two d i f f e r e n t  l i n k a g e s  w i t h  d i f f e r e n t  
e f f i c i e n c i e s  i s  unknown a t  p r e s e n t .
The enzyme i s  i n h i b i t e d  by a w ide  v a r i e t y  o f  compounds.  
N i c o t i n a m i d e  i s  a c o m p e t i t i v e  end p r o d u c t  i n h i b i t o r  ( 96 ,
9 7 ) .  V a r i o u s  a n a l o g u e s  suc h  as  b en za m id e  and p y r a z in a m id e  
are  a l s o  good i n h i b i t o r s  ( 9 8 ) .  The amide group a p p e a rs  t o  
be  im p o r t a n t  f o r  b i n d i n g  t o  t h e  enzyme s i n c e  n i c o t i n i c  a c i d  
and 3 - a c e t y l p y r i d i n e  a r e  n o t  i n h i b i t o r s  ( 9 6 ) .  S u b s t r a t e  
a n a l o g u e s  su c h  a s  =-NAD and NADH2 have  a l s o  b e e n  shown t o  
i n h i b i t  ( 9 6 ) .  Th ym id in e  i s  a v e r y  good i n h i b i t o r  as  i s  
i t s  c l o s e  a n a l o g u e  5 - b r o m o u r a c i l . The e q u i v a l e n t  f r e e  b a s e s  
and m o n o n u c l e o t i d e s  a l s o  i n h i b i t  b u t  a r e  l e s s  p o t e n t  ( 9 6 ) .  
M e t h y l a t e d  x a n t h i n e s  and c y t o k i n i n s  h a v e  b een  shown t o  
i n h i b i t  t h e  enzyme from 3T3 c e l l s  ( 9 9 ) .  1 - m ethyl  a d e n in e
fo r m y c in  B and showdomycin  i n h i b i t  t h e  enzyme from q u a i l  
o v i d u c t  ( 1 0 0 ) .  The most  r e c e n t  r e p o r t  i s  from P e a r s o n ' s  group  
who showed 2 - a m i n o - l , 3 , 4 - t h i a d a i z o l e  i s  a good i n h i b i t o r  ( 4 0 ) .
P o ly a m in e s  h a v e  b e e n  shown t o  s t i m u l a t e  A D P - r i b o s y l a t i o n  
i n  i s o l a t e d  n u c l e i  from v a r i o u s  t i s s u e s  ( 4 6 , 1 0 0 - 1 0 3 ) .  A 
d i f f e r e n t i a l  e f f e c t  was r e p o r t e d  i n  t h e  p r e s e n c e  and 
a b se n c e  o f  Mg**. N o n - h i s t o n e  p r o t e i n s  w ere  p r e d o m in a n t l y  
m o d i f i e d  i n  t h e  p r e s e n c e  o f  Mg** w h e r e a s  h i s t o n e s  w ere  
p r e d o m in a n t l y  m o d i f i e d  i n  t h e  a b s e n c e  o f  Mg** ( 1 0 1 ) .
P a r e l l a  and Lea ( 1 0 2 )  showed sp e r m in e  c a u s e d  i n c r e a s e d
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A D P - r i b o s y l a t i o n  o f  HI w i t h  c o n c o m i t t a n t  d e c r e a s e d  ADP- 
r i b o s y l a t i o n  o f  c o r e  h i s t o n e s .  T h ese  e f f e c t s  c a n n o t  be  
e x p l a i n e d  by i n h i b i t i o n  o f  d e g r a d a t i v e  enzymes s i n c e  
W hish’ s group (46 )  showed t h a t  p o ly a m in e s  c a u s e d  no 
i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  g l y c o h y d r o l a s e  i n  i s o l a t e d  
n u c l e i  from w heat  s e e d .  P o ly a m in e s  ap p ear  t o  c a u s e  changes  
in  A D P - r i b o s y l a t i o n  by a l t e r i n g  t h e  a c c e s s i b i l i t y  o f  
a c c e p t o r  p r o t e i n s  r a t h e r  th a n  s t i m u l a t i n g  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e .
V a r i o u s  groups  have  a t t e m p t e d  t o  p u r i f y  t h e  enzyme  
from a v a r i e t y  o f  s o u r c e s .  E a r ly  a t t e m p t s  are  summarized  
in  H i l z  & S to n e  ( 1 ) .  S i n c e  t h a t  r e v i e w  was p u b l i s h e d  
numerous o t h e r  p r o c e d u r e s  h ave  b een  d e v e l o p e d  and t h e s e  
are  summarized i n  T a b le  1 .  The f i r s t  i n s t a n c e  o f  a f f i n i t y  
c h rom atograp h y  b e i n g  u s e d  was r e p o r t e d  by Khan & S h a l l  ( 1 0 4 ) .  
A p u r i f i c a t i o n  o f  85 f o l d  was a c h i e v e d  u s i n g  i m m o b i l i z e d  
n i c o t i n a m i d e  as  an a f f i n i t y  l i g a n d  and 34 f o l d  w i t h  Blue  
d e x t r a n .  In b o t h  c a s e s ,  t h e  a p p a re n t  y i e l d  o f  enzyme  
a c t i v i t y  was o v e r  100%. T h i s  may be due t o  rem oval  o f  • 
d e g r a d a t i v e  enzymes o r ,  as  t h e  a u t h o r s  s u g g e s t ,  an endogenous  
i n h i b i t o r .  The a f f i n i t y  o f  t h e  enzyme f o r  DNA was f i r s t  
e x p l o i t e d  by K r i s t e n s e n  & H o l t l u n d  ( 1 1 2 ) .  They p u r i f i e d  
t h e  enzyme 1 3 1 - f o l d  by e x t r a c t i o n  w i t h  0 . 175M p h o s p h a t e  
e x t r a c t i o n  and DNA c e l l u l o s e  column c h r o m a to g r a p h y .  An 
a d d i t i o n a l  i s o e l e c t r i c  f o c u s s i n g  s t e p  was l a t e r  i n c l u d e d
( 1 1 3 ) .  T h i s  gave  a f i n a l  p u r i f i c a t i o n  o f  7 0 0 - f o l d .  A 
s i m i l a r  r e s u l t  was o b t a i n e d  i f  B lue  d e x t r a n  a f f i n i t y  
ch rom a to g ra p h y  was u s e d  in  p l a c e  o f  i s o e l e c t r i c  f o c u s s i n g
T ab le  1 P u r i f i c a t i o n  o f  p o l y (A D P -r ib o se )  s y n t h e t a s e  
from v a r i o u s  s o u r c e s
T i s s u e P u r i f i c a t i o n
( f o l d )
Y i e l d~ur R e f e r e n c e
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( 1 1 4 ) .  The m a j o r i t y  o f  p u r i f i c a t i o n  p r o c e d u r e s  i n  T a b le  1 
have  u s e d  s i m i l a r  t e c h n i q u e s  a t  some s t a g e .  T s o p a n a k is  ejt ^  
(105)  and E l l i s o n  (58 )  o b s e r v e d  t h e  f i n a l  enzyme p r e p a r a t i o n  
was e x t r e m e l y  l a b i l e .  To m in i m i s e  i n a c t i v a t i o n  d u r in g  
p u r i f i c a t i o n ,  T s o p a n a k is  £ t  l a t e r  empolyed  o r g a n i c  
s o l v e n t s  (50% v / v  e t h y l e n e  g l y c o l )  a t  4 °C (106)  and a t  -10°C 
t o  a c h i e v e  h i g h e r  s p e c i f i c  a c t i v i t i e s  ( 1 0 7 ) .
The m o l e c u l a r  w e i g h t  o f  t h e  enzyme has  b e en  shown t o  
vary  from 6 2 , 0 0 0  i n  p i g  thymus (107)  t o  1 3 0 , 0 0 0  i n  c a l f  
thymus ( 1 1 0 ) .  The most  e x h a u s t i v e  c h a r a c t e r i z a t i o n  o f  t h e  
enzyme h a s  emerged from H a y a i s h i ’ s l a b o r a t o r y  ( I I I ) .  The 
enzyme from c a l f  thymus had a m o l e c u l a r  w e i g h t  o f  1 1 0 , 0 0 0  
and s e d i m e n t a t i o n  d a t a  s u g g e s t s  i t  i s  a g l o b u l a r  p r o t e i n  
w i t h  s l i g h t  a s s y m e t r y .  The enzyme h a s  a p i  o f  9 . 8  and 
amino a c i d  a n a l y s i s  showed more l y s i n e  t h a n  a r g i n i n e  
r e s i d u e s .  The amino a c i d  a n a l y s i s  a l s o  r e v e a l e d  a h i g h e r  
c o n t e n t  o f  a c i d i c  amino a c i d  than  b a s i c .  In v i e w  o f  
th e  p i  t h e  m a j o r i t y  o f  t h e s e  are  p r o b a b ly  amides  i n  t h e  n a t i v e  
p r o t e i n .  The amino t e r m i n a l  o f  t h e  enzyme a p p e a r s  t o  be  
b l o c k e d ;  t h i s  i s  i n  ag re e m en t  w i t h  t h e  f i n d i n g  f o r  t h e  p i g  
thymus enzyme ( 1 0 7 ) .  R e c e n t l y ,  t h e  enzyme from E .A .T .  
c e l l s  h a s  b e e n  c h a r a c t e r i z e d  and s i m i l a r  r e s u l t s  w ere  
o b t a i n e d  t o  t h o s e  f o r  t h e  c a l f  thymus enzyme ( 1 1 4 ) .  The 
o n ly  m ajor  d i f f e r e n c e  was f o r  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t  
which ga v e  an a p p a r e n t  m o l e c u l a r  w e ig h t  o f  o v e r  5 0 0 , 0 0 0 .
The a u t h o r s  s u g g e s t e d  t h e  a c t i v e  enzyme may be an o l i g o m e r .
A v a r i e t y  o f  groups  h a v e  s t u d i e d  t h e  e f f e c t  o f  DNA and  
h i s t o n e s  on t h e  a c t i v i t y  o f  p r e p a r a t i o n s  o f  p o l y ( A D P - r i b o s e )
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s y n t h e t a s e .  DNA i s  known t o  s t i m u l a t e  A D P - r i b o s y l a t i o n  
when added t o  enzym e.  Y o s h i h a r a ’s group i s o l a t e d  a s m a l l  
f r a c t i o n  o f  DNA from a p a r t i a l l y  p u r i f i e d  enzyme p r e p a r a t i o n  
by h y d r o x y l a p a t i t e  ch rom atography  ( 1 1 0 ) .  They compared t h e  
a b i l i t y  o f  t h i s  f r a c t i o n  t o  s t i m u l a t e  t h e  enzyme w i t h  t h a t  
o f  c o m m e r c ia l  c a l f  thymus DNA by enzyme s a t u r a t i o n  s t u d i e s .  
C a l c u l a t i o n s  r e v e a l e d  maximal a c t i v i t y  a t  a p p r o x i m a t e l y  1 
enzyme m o l e c u l e  t o  200 b a s e  p a i r s  w i t h  c a l f  thymus DNA,
40 b a s e  p a i r s  w i t h  p o l y  d A ip o ly  dT and o n l y  10 b a s e  
p a i r s  w i t h  t h e  DNA i s o l a t e d  d u r in g  t h e  p u r i f i c a t i o n  
p r o c e d u r e .  T h i s  " a c t i v e "  DNA has  b e e n  p a r t i a l l y  c h a r a c t e r ­
i z e d  ( 1 1 0 , 1 1 6 ) .  I t  has  a m o l e c u l a r  w e i g h t  o f  2 0 0 , 0 0 0  and  
a G;C c o n t e n t  o f  43%. A s i m i l a r  f r a c t i o n  has  b e e n  i s o l a t e d  
by M a n d e l ’ s group u s i n g  a d i f f e r e n t  p u r i f i c a t i o n  p r o c e d u r e  
( 1 1 7 ) .  Y o s h i h a r a ’ s group was a b l e  t o  show t h a t  i n  t h e  
p r e s e n c e  o f  DNA, b u t  a b s e n c e  o f  any ex o g en o u s  a c c e p t o r ,  
t h e  enzyme A D P - r i b o s y l a t e d  i t s e l f  ( 5 5 ) .  They w ere  a b l e  t o  
d e m o n s t r a t e  a ch an ge  i n  t h e  m o b i l i t y  o f  t h e  enzyme on SDS 
g e l  e l e c t r o p h o r e s i s  w i t h  v a r y i n g  t i m e s  o f  i n c u b a t i o n .  By 
p e r f o r m i n g  p u l s e  c h a s e  e x p e r i m e n t s ,  t h e y ,  t o g e t h e r  w i t h  
N olan  ( 1 1 8 ) ,  show ed  t h a t  e l o n g a t i o n  o f  p o l y ( A D P - r i b o s e )  
o c c u r r e d  by t h e  a d d i t i o n  o f  s u c c e s s i v e  A D P -r ib o se  u n i t s  t o  
t h e  AMP t e r m i n u s  o f  t h e  gro w in g  c h a i n .
H i s t o n e s  a r e  known t o  a c t i v a t e  p o l y  ( A D P - r i b o s e ) s y n t h e ­
t a s e .  Y o s h i h a r a  ejt a]  ̂ ( 1 1 0 ) showed t h a t  a l t h o u g h  h i s t o n e s  
s t i m u l a t e d  enzyme a c t i v i t y  100% or 400% w i t h  i n t a c t  o r  
p a r t i a l l y  d e n a t u r e d  c a l f  thymus DNA r e s p e c t i v e l y ,  th e  
enzyme was n e a r l y  maximal e v e n  w i t h o u t  h i s t o n e s  i f  p o l y  dA:
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p o l y  dT o r  " a c t i v e "  DNA were u s e d  i n  t h e  a s s a y ;  s t i m u l a t i o n  
by h i s t o n e s  was l e s s  t h a n  25%. H a y a i s h i ' s  group a l s o  found  
h i s t o n e s  s t i m u l a t e d  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  
but when t h e  r e a c t i o n  p r o d u c t  was a n a l y s e d  by g e l  
e l e c t r o p h o r e s i s  t h e y  c o u l d  n o t  d e t e c t  A D P - r i b o s y l a t i o n  o f  
h i s t o n e s  [ 5 7 ) .  I t  was s u g g e s t e d  t h a t  t h e  a c t i v a t i o n  by  
h i s t o n e s  may b e  due t o  t h e i r  m asking  i n h i b i t o r y  s e c t i o n s ,  
p o s s i b l y  s i n g l e  s t r a n d e d ,  o f  DNA. They l a t e r  showed t h a t  
t h e  p u r i f i e d  enzyme p r e p a r a t i o n  c o u l d  i n c o r p o r a t e  A D P -r ib o s e  
o n to  a m o n o (A D P -r ib o s e ) - H I  c o n j u g a t e  ( 1 1 9 ) .  T h i s  s u g g e s t e d  
t h a t  e i t h e r  a s e p a r a t e  enzyme was r e s p o n s i b l e  f o r  i n i t i a t i o n  
or t h e  a c t i v i t y  was l o s t  d u r in g  t h e  p u r i f i c a t i o n .  R e c e n t l y ,  
h o w e v er ,  t h e  same group r e p o r t e d  t h a t  t h e  enzyme c o u l d  b o t h  
i n i t i a t e  and e l o n g a t e  o l i g o  ( A D P - r i b o s e ) - h i s t o n e  HI 
c o n j u g a t e s  ( 1 2 0 )  by u s i n g  h i g h e r  HI and DNA l e v e l s .  In t h i s  
r e p o r t ,  t h e y  a l s o  c o n f i r m e d  Y o s h i h a r a ’ s o b s e r v a t i o n  t h a t  
t h e  enzyme i t s e l f  c o u l d  a c t  as  an a c c e p t o r .  Mandel e;t ^  
have  made a c o m p a r i s o n  o f  t h e  p u r i f i e d  enzyme p r e p a r a t i o n  
p r i o r  t o  re m o v a l  o f  a c t i v e  DNA w i t h  a r e c o n s t i t u t e d  
p r e p a r a t i o n .  The D N A -independent  enzyme ( p r i o r  t o  h y d r o -  
x y l a p a t i t e  c h r o m a to g r a p h y )  was a b l e  t o  A D P - r i b o s y l a t e  a l l  
t h e  h i s t o n e s ,  t h e  enzyme i t s e l f ,  p u r i f i e d  c h o l e r a  t o x i n ,
E . c o l i  RNA p o l y m e r a s e  and c a l f  thymus RNA p o l y m e r a s e  B, b u t  
n o t  c a l f  thymus RNA p o l y m e r a s e  A or  C ( 1 1 7 , 1 2 1 ) .  In c o n t r a s t ,  
even  a f t e r  t h e  a d d i t i o n  o f  " a c t i v e "  DNA t o  t h e  r e a c t i o n ,  
th e  DNA-dependent  enzyme ( a f t e r  h y d r o x y l a p a t i t e )  c o u l d  ADP- 
r i b o s y l a t e  HI b u t  n o n e  o f  t h e  o t h e r  h i s t o n e s  ( 1 2 1 ) .  Y o s h i h a r a ’ s 
group fo u n d  t h a t  a p u r i f i e d  enzyme w ould  o n l y  A D P - r i b o s y l a t e  
h i s t o n e  HI i f  Mg%* was o m i t t e d  from t h e  r e a c t i o n  m ix t u r e  ( 1 2 2 ) .
-  22  -
As can  be  s e e n  from t h e  above d a t a .  I t  i s  d i f f i c u l t  
t o  i n t e r p r e t  t h e  r e s u l t s  o b t a i n e d  from a r e c o n s t r u c t e d  
enzyme s y s t e m .  I n d e e d  t h e  v a l i d i t y  o f  p o l y  ( A D P -r ib o se )  
s y n t h e t a s e  a c t i v i t y  m ea su rem en ts  in  i s o l a t e d  n u c l e i  has  
r e c e n t l y  b e e n  q u e s t i o n e d .  S h a l l  a r g u e s  t h a t  b e c a u s e  t h e  
enzyme i s  a c t i v a t e d  by  damaged DNA and d u r in g  t h e  i s o l a t i o n  
o f  n u c l e i  t h e  DNA i s  damaged,  t h e  r e s u l t s  o b t a i n e d  from 
i s o l a t e d  n u c l e i  r e p r e s e n t  an o v e r e s t i m a t e  o f  t h e  a c t i v i t y  
o f  t h e  enzyme a t  t h e  t im e  t h e  c e l l  was h a r v e s t e d  ( 1 2 3 ) .
For t h i s  r e a s o n ,  a n u c l e o t i d e  p erm eab le  c e l l  s y s t e m  was 
u se d  f o r  enzyme a c t i v i t y  m e a su re m e n ts .  By u s i n g  suc h  a 
s y s t e m .  S h a l l ’ s group showed t h a t  t h e  a c t i v i t y  in  t h e  
p er m e a b le  c e l l  was much lo w e r  than  i n  an e q u i v a l e n t  number 
o f  i s o l a t e d  n u c l e i .  I f  t h e y  w ere  p r e - i n c u b a t e d  i n  t h e  
a b s e n c e  o f  NAD, t h e  a c t i v i t y  i n c r e a s e d  a p p r o a c h in g  t h o s e  
v a l u e s  fo u n d  i n  i s o l a t e d  n u c l e i .  Th is  i n c r e a s e  i n  a c t i v i t y  
c o u l d  he  p r e v e n t e d  i f  t h e  c e l l s  were p r e - i n c u b a t e d  i n  t h e  
p r e s e n c e  o f  f a c t o r s  r e q u i r e d  f o r  DNA r e p a i r .  B e r g e r ’ s 
g r o u p ,  u s i n g  a d i f f e r e n t  p e r m e a b i l i z a t i o n  t e c h n i q u e ,  had  
p r e v i o u s l y  shown t h a t  i n c o r p o r a t i o n  o f  dTTP i n t o  p e r m e a b i l i z e d  
mouse L - c e l l s  r e p r e s e n t e d  s e m i - c o n s e r v a t i v e  r e p l i c a t i o n ,  
w h e re a s  i n  i s o l a t e d  n u c l e i  t h i s  was n o t  t h e  c a s e  ( 1 2 4 ) .
They p e r f o r m e d  a f u l l  c h a r a c t e r i z a t i o n  o f  A D P - r i b o s y l a t i o n  
c a r r i e d  o u t  i n  p e r m e a b l e  L - c e l l s  ( 1 2 5 ) .  In agreem ent  
w i t h  S h a l l ,  B e r g e r  o b s e r v e d  a low r a t e  o f  A D P - r i b o s y l a t i o n  
in  p e r m e a b i l i z e d  c e l l s .  T h i s  was s e n s i t i v e  t o  known 
i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e .  They c o u l d  
i n c r e a s e  t h e  r a t e  d r a m a t i c a l l y  by p r e - i n c u b a t i o n  w i t h  DNasel
-  2 3  -
and T r i t o n  XIOO. T h is  l a t e r  t h e y  c a l l e d  ’t o t a l '  a c t i v i t y  
and n o n - p r e t r e a t e d  a c t i v i t y  ’ i n t r i n s i c ’ a c t i v i t y .  R e s u l t s  
o b t a i n e d  i n  o t h e r  s y s t e m s  u s i n g  t h i s  s y s t e m  w i l l  be  
p r e s e n t e d  i n  t h e  r e l e v a n t  s e c t i o n s  b e lo w .
1 . 2 . 5  D e g r a d a t i o n  o f  p o l y  ( A D P - r i b o s e )
P o l y ( A D P - r i b o s e )  h a s  two bonds w h ich  a r e  known t o  be  
s u s c e p t i b l e  t o  en zym ic  h y d r o l y s i s .  The p y r o p h o s p h a t e  bond  
i s  c l e a v e d  e n d o n u c l e o l y t i c a l l y  by a p h o s p h o d i e s t e r a s e  from 
C r o t a l u s  adam enteus  p r o d u c i n g  p h o sp h o r ib o sy l -A M P  and 5 ’AMP 
[ 1 1 , 1 3 , 2 0 ) .  E x o n u c l e o l y t i c  c l e a v a g e  from t h e  AMP te r m in u s  
i s  m e d ia t e d  by a p h o s p h o d i e s t e r a s e  from r a t  l i v e r  ( 1 2 6 - 1 2 8 ) .  
A p h o s p h o d i e s t e r a s e ,  o f  unknown s p e c i f i c i t y ,  from c u l t u r e d  
N i c o t i n i a  tabacum ( 1 2 9 , 1 3 0 )  a l s o  c l e a v e s  t h e  p o ly m e r .  
However, D Nase ,  RNase,  m i c r o c c a l  n u c l e a s e ,  s p l e e n  p h o sp h o ­
d i e s t e r a s e  and n u c l e o t i d e  p y r o p h o s p h a t a s e  have  no e f f e c t  on 
p o l y  ( A D P - r ib o s e )  ( 1 3 1 ) .
The r i b o s e - r i b o s e  bond i s  c l e a v e d  by an enzyme c a l l e d  
p o l y ( A D P - r i b o s e )  g l y c o h y d r o l a s e .  T h is  enzyme was f i r s t  
d i s c o v e r e d  i n  t h e  n u c l e i  o f  c a l f  thymus by Miwa and 
Sugimura ( 1 3 2 )  who found i t  t o  be m a in l y  a s s o c i a t e d  w i t h  
c h r o m a t i n .  I t  h a s  b een  p u r i f i e d  2 0 0 - f o l d  w i t h  5% y i e l d  
and c l e a v e s  p o l y ( A D P - r i b o s e )  e x o n u c l e o l y t i c a l l y  l e a v i n g  
th e  t e r m i n a l  A D P -r ib o s e  a t t a c h e d  t o  p r o t e i n .  The enzyme 
was i n h i b i t e d  by c y c l i c  AMP, A D P -r ib o s e  and p - c h l o r o m e r c u r i  
b e n z o a t e ,  ( 1 3 3 ) .  Ueda e^  ^  (1 3 4 )  h ave  shown poly(A D P-  
r i b o s e )  g l y c o h y d r o l a s e  e x i s t s  i n  a r a t  l i v e r  n u c l e i  s o l u b l e
-  2 4 -
f r a c t i o n .  T h i s  enzyme a p p e a r s  t o  be  i d e n t i c a l  w i t h  enzyme  
found i n  t h e  i n s o l u b l e  c h r o m a t in  f r a c t i o n  ( 1 3 5 ) .  The 
enzyme h a s  a l s o  b e e n  shown t o  e x i s t  i n  mouse L - c e l l  n u c l e i  
( 1 3 6 ) ,  Physarum p o ly c e p h a lu m  ( 1 3 7 ) ,  in  wheat  embryo (138)  
and in  r a t  t e s t i s  ( 1 3 9 ) .  A co m p a r iso n  o f  p r o p e r t i e s  i s  
found i n  Tanaka e t  a l  (137)  . There appear  t o  be two enzymes  
p r e s e n t  i n  r a t  t e s t i s  a s  b a s e d  on d i f f e r e n t  pH o p t im a  and 
KCl s t i m u l a t i o n .  Miwa e t  ^  (1 4 0 )  h a v e  shown t h a t  i n  v a r i o u s  
r a t  t i s s u e s  p o l y ( A D P - r i b o s e )  g l y c o h y d r o l a s e  i s  t h e  m ajor  
d e g r a d a t i v e  enzyme f o r  p o l y  ( A D P - r i b o s e ) .
DNA h as  b e e n  shown t o  i n h i b i t  p o l y  (A D P -r ib o se )  g l y c o ­
h y d r o l a s e  i n  s e v e r a l  s y s t e m s  s e e  r e f .  (1 )  . D en a tu re d  DNA 
i s  an e x t r e m e l y  p o t e n t  i n h i b i t o r  o f  t h e  enzyme.  Double  
s t r a n d e d  DNA h a s  a v a r i a b l e  i n h i b i t o r y  e f f e c t  w h ich  may 
s im p ly  be* a r e f l e c t i o n  o f  t h e  s i n g l e  s t r a n d e d  DNA i m p u r i t i e s  
in  t h e  p r e p a r a t i o n s  u s e d .  S to n e  ejL ^  (1 4 1 )  showed t h a t  t h e  
enzyme was bound more t i g h t l y  t o  d e n a t u r e d  D N A - c e l l u l o s e  
than  t o  d o u b le  s t r a n d e d  D N A - c e l l u l o s e .  They a l s o  showed  
t h a t  i n h i b i t i o n  o f  t h e  enzyme by h i g h  l e v e l s  o f  DNA c o u l d  
be overcome by e i t h e r  i n c r e a s i n g  t h e  i o n i c  s t r e n g t h  o f  t h e  
medium o r  by a d d i n g  h i s t o n e  HI and t h e y  s u g g e s t e d  t h a t  b o t h  
o f  t h e s e  t r e a t m e n t s  may be d i s p l a c i n g  t h e  enzyme from  
i n h i b i t o r y  [ p o s s i b l y  s i n g l e  s t r a n d e d )  p o r t i o n s  o f  DNA.
S y n t h e s i s  o f  HI ' d i m e r ’ (49 )  i n  n u c l e i  o f  v a r i o u s  c e l l  
t y p e s  show ed an i n v e r s e  c o r r e l a t i o n  w i t h  p o l y ( A D P - r i b o s e )  
g l y c o h y d r o l a s e  a c t i v i t y  ( 5 2 ) .  Thus ,  HeLa c e l l  n u c l e i ,  
p r o d u c in g  HI ’ d i m e r ’ , p o s s e s s e d  no d e t e c t a b l e  p o l y ( A D P - r i b o s e )
-  25  -
g l y c o h y d r o l a s e  a c t i v i t y  w h ereas  MTW-9 r a t  mammary n u c l e i  
had h i g h  l e v e l s  o f  enzyme h u t  no d im er .  I t  was shown 
t h a t  c a l f  thymus p o l y ( A D P - r i b o s e )  g l y c o h y d r o l a s e  
p u r i f i e d  2 0 0 - f o l d  by t h e  method o f  Miwa e^  a l , ( 1 0 1 )  
h y d r o l y s e d  HI dimer from HeLa a t  one n i n t h  t h e  r a t e  o f  an 
e q u i v a l e n t  mass o f  p o l y ( A D P - r i b o s e ) 1 5 . The r a t e  o f  
d e g r a d a t i o n  o f  t h e  'd im e r '  was i n c r e a s e d  t w o - f o l d  by t h e  
a d d i t i o n  o f  DNA a t  a r a t i o  o f  2 :1  w i t h  HI,  s u g g e s t i n g  
DNA may c a u s e  a c o n f o r m a t i o n a l  change i n  t h e  s t r u c t u r e  
o f  t h e  ' d i m e r ' .
V a r i o u s  a u t h o r s  have  o b s e r v e d  t h a t  p o l y ( A D P - r i b o s e )  
g l y c o h y d r o l a s e  d o es  n o t  remove t h e  f i n a l  A D P -r ib o se  
r e s i d u e s  from p r o t e i n  ( 1 0 6 ,  1 0 1 ,  4 9 ) .  R e c e n t l y ,  Okayama 
e t  a l , ( 1 4 2 )  h a v e  shown t h e  p r e s e n c e  o f  an enzyme from 
r a t  l i v e r  n u c l e i  w h ich  c o u l d  remove A D P -r ib o se  from mono 
( A D P - r i b o s e ) -H2B c o n j u g a t e s .  The r e l e a s e d  p r o d u c t  was  
s i m i l a r  b u t  n o t  i d e n t i c a l  t o ,  A D P -r ib o s e .  The enzyme  
has  b e e n  p a r t i a l l y  p u r i f i e d  from r a t  l i v e r .  I t  h a s  a 
p i  o f  4 . 9  and m o l e c u l a r  w e i g h t  o f  2 4 0 , 0 0 0 .  I t  i s  i n h i b i t e d  
by A D P -r ib o s e  and DNA and i s  a b l e  t o  c l e a v e  mono b u t  n o t  
p o l y ( A D P - r i b o s e )  from v a r i o u s  p r o t e i n s  ( 1 4 3 ) .
1 . 3  B i o l o g i c a l  r o l e  o f  A D P - r i b o s y l a t i o n
S i n c e  Hogeboom & S c h n e i d e r  (1 4 4 ) f i r s t  d i s c o v e r e d  t h a t  
NAD p y r o p h o s p h o r y l a s e  was l o c a t e d  e x c l u s i v e l y  i n  t h e  n u c l e u s ;  
v a r i o u s  a u t h o r s  h a v e  s u g g e s t e d  t h a t  NAD f u l f i l l s  a r o l e  
in  a d d i t i o n  t o  t h a t  o f  r e s p i r a t o r y  coenzym e.  As e a r l y  as
-  2 6 “
1 9 5 8 ,  Morton (1 4 5 )  s u g g e s t e d  i t  may h o l d  a k ey  r o l e  in  t h e  
r e g u l a t i o n  o f  c e l l  p r o l i f e r a t i o n  i n  t h a t  t h e  n u c l e u s  may 
s e n s e  c h a n g e s  i n  i n t r a c e l l u l a r  NAD l e v e l s .  The d i s c o v e r y  
in  1 9 6 6 - 7  t h a t  a n u c l e a r  enzyme,  p o l y ( A D P - r i b o s e )  s y n t h e t a s e ,  
u t i l i s e d  NAD as  s u b s t r a t e  f o r  t h e  m o d i f i c a t i o n  o f  n u c l e a r  
p r o t e i n s  s u g g e s t e d  t h a t  suc h  an enzyme may p r o v i d e  t h e  
mechanism by w h ic h  NAD l e v e l s  are  s e n s e d .  The p r e c i s e  
b i o l o g i c a l  r o l e  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  rem ains  
u n c l e a r  d e s p i t e  a l a r g e  amount o f  r e s e a r c h .  That t h i s  
enzyme p l a y s  an im p o r t a n t  p h y s i o l o g i c a l  f u n c t i o n  i s  s u g g e s t e d  
by t h e  h i g h  t u r n o v e r  o f  NAD in  e u k a r y o t i c  c e l l s .  In human 
D98/AH2 c e l l s ,  R e i c h s t e i n e r  e^  ^  (146)  have  shown t h a t  
t h e  h a l f  l i f e  o f  NAD was ab ou t  1 h o u r .  T h is  means t h a t  
o f  t h e  NAD s y n t h e s i z e d  i n  t h e  c e l l  o n l y  5% i s  r e q u i r e d  f o r  
m a in t e n a n c e  o f  t h e  NAD c o n c e n t r a t i o n  in  t h e  c e l l ;  t h e  
r e m a in in g  9 5% i s  h y d r o l y s e d .  They had p r e v i o u s l y  shown 
t h a t ,  i n  c e l l s  e n u c l e a t e d  by c y t o c h a l a s i n , t h e  h a l f  l i f e  
o f  NAD was 10  h o u r s  ( 1 4 7 ) .  From t h e s e  d a t a ,  i t  was  
c o n c l u d e d  t h a t  t h e  n u c l e u s  was t h e  m ajor  s i t e  o f  d e g r a d a t i o n  
o f  NAD and s u g g e s t e d  t h a t  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  was  
c h i e f l y  r e s p o n s i b l e .  I t  h a s  s i n c e  b e e n  shown t h a t  i n  
E . c o l i , w h ic h  d o e s  n o t  c o n t a i n  p o l y ( A D P - r i b o s e )  s y n t h e t a s e ,  
NAD i s  d e g r a d e d  p r i m a r i l y  a t  t h e  p y r o p h o s p h a t e  l i n k a g e ,  
w h ereas  i n  D98/AH2 c e l l s  t h e  m a j o r i t y  o f  NAD i s  c l e a v e d  a t  
t h e  N - g l y c o s i d i c  l i n k a g e  ( 1 4 8 ) .  T h i s  f i n d i n g  i s  c o n s i s t e n t  
w i t h  t h e  i d e a  t h a t  p o l y  ( A D P - r ib o s e )  s y n t h e t a s e  i s  t h e  m ajor  
d e g r a d a t i v e  enzyme f o r  NAD.
-  2 7  -
The a p p r o a c h e s  u se d  t o  e l u c i d a t e  t h e  p h y s i o l o g i c a l  
r o l e  o f  A D P - r i b o s y l a t i o n  have  b e e n  v a r i e d .  The e a r l i e s t  
method was t o  a t t e m p t  t o  c o r r e l a t e  t h e  a c t i v i t y  o f  p o l y  
( A D P -r ib o se )  s y n t h e t a s e  in  i s o l a t e d  n u c l e i  w i t h  c e l l s  under  
v a r i o u s  c o n d i t i o n s .  As s t a t e d  p r e v i o u s l y ,  t h e  v a l i d i t y  o f  
u s i n g  i s o l a t e d  n u c l e i  t o  p er fo rm  enzyme a s s a y s  i s  u n c e r t a i n  
S t u d i e s  u s i n g  p e r m e a b i l i z e d  c e l l s  are  t h e r e f o r e  p r o b a b l y  
more r e a l i s t i c .
The t r e a t m e n t  o f  c e l l s  w i t h  i n h i b i t o r s  o f  p o ly (A D P -  
r i b o s e )  s y n t h e t a s e  w i t h  a v ie w  t o  e x a m in in g  them f o r  
c e l l u l a r  d y s f u n c t i o n  a l s o  l e a d s  t o  ambiguous r e s u l t s  
b e c a u s e  no i n h i b i t o r  u s e d  t o  d a t e  i s  p h y s i o l o g i c a l l y  
s p e c i f i c  f o r  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  ( f o r  a d e t a i l e d  
d i s c u s s i o n ,  s e e  s e c t i o n  4 ) .  The most  d i r e c t  approach  has  
b e en  t h e  c o r r e l a t i o n  o f  l e v e l s  o f  p r o t e i n  A D P - r i b o s y l a t i o n  
in  v i v o  w i t h  v a r i o u s  c e l l  t y p e s .
A m ajor  p ro b lem  in  a s c r i b i n g  a p r e c i s e  r o l e  f o r  
A D P - r i b o s y l a t i o n  i s  t h e  d i f f i c u l t y  i n  c o r r e l a t i n g  t h e  
d a t a  o b t a i n e d  by t h e  above m ethods  w i t h  a d e f i n e d  c e l l  
f u n c t i o n  e . g .  t h e  i n c r e a s e  i n  p o l y ( A D P - r i b o s e )  a t  t h e  S/G2 
boundary  o f  HeLa c e l l s  may r e f l e c t  i n h i b i t i o n  o f  DNA 
s y n t h e s i s  or  i t  may be  i n v o l v e d  i n  s u b s e q u e n t  c h r o m a t in  
c o n d e n s a t i o n .
For t h e s e  and o t h e r  r e a s o n s , a t t e m p t s  t o  d e f i n e  th e  
b i o l o g i c a l  r o l e  o f  A D P - r i b o s y l a t i o n  have  p ro d u c e d  w id e  
r a n g in g  and c o n t r a d i c t o r y  s u g g e s t i o n s  f o r  i t s  f u n c t i o n .
The d a t a  o b t a i n e d  i s  p r e s e n t e d  b e lo w  under  t h e  f u n c t i o n  
th e  a u t h o r s  have  s u g g e s t e d  i t  may f u l f i l l .
-  2 8  -
1 . 5 . 1  DNA s y n t h e s i s  and c e l l u l a r  p r o l i f e r a t i o n
In 19 7 0 ,  B u r z io  & Koide (149)  showed t h a t  p r e - i n c u b â t i o n  
o f  r a t  l i v e r  i s o l a t e d  n u c l e i  w i t h  NAD c a u s e d  a d e c r e a s e  i n  
th e  i n c o r p o r a t i o n  o f  -TTP i n t o  a c i d - i n s o l u b l e  m a t e r i a l .
T his  d e c r e a s e  was p r e v e n t e d  i f  t h e  n u c l e i  were p r e - i n c u b a t e d  
w i t h  n i c o t i n a m i d e  and NAD. T h is  f i n d i n g  was s u g g e s t i v e  o f  
a r o l e  f o r  A D P - r i b o s y l a t i o n  i n  t h e  c o n t r o l  o f  DNA s y n t h e s i s .  
Many w o r k e r s  h ave  s i n c e  exam ined  o t h e r  s y s t e m s  and h ave  
found c o n f l i c t i n g  r e s u l t s .  A D P - r i b o s y l a t i o n  e i t h e r  d e c r e a s e s ,  
has no e f f e c t  on or  i n c r e a s e d  dTTP i n c o r p o r a t i o n .  The 
v a r i o u s  r e s u l t s  a r e  summarized i n  H i l z  & Stone  ( 1 ) .
S i n c e  t h a t  t im e  J a n a k i d e v i  (150)  has  shown t h a t  rem oval  
o f  l y s i n e - r i c h  h i s t o n e s  or  t r e a t m e n t  w i t h  h e p a r i n  i n c r e a s e s  
DNA s y n t h e s i s  i n  s w in e  a o r t a  i s o l a t e d  n u c l e i .  The d e c r e a s e  
in  p o l y ( A D P - r i b o s e )  s y n t h e s i s  o b s e r v e d  w i t h  l y s i n e - r i c h  
h i s t o n e  i s  e x p l a i n e d  by c o - e x t r a t i o n  o f  p o l y ( A D P - r i b o s e ) -  
s y n t h e t a s e  and t h e y  c o n c l u d e  t h a t  rem oval  o f  l y s i n e - r i c h  
h i s t o n e s  o r  p o l y ( A D P - r i b o s e ) - s y n t h e t a s e  e x p o s e s  i n i t i a t i o n  
s i t e s  f o r  DNA s y n t h e s i s .  T a n ig a w a ’ s group have  shown 
t h a t  p r e - i n c u b a t i o n  o f  i s o l a t e d  n u c l e i  from c h i c k  embryo 
l i v e r  w i t h  NAD i n c r e a s e d  dTTP i n c o r p o r a t i o n  i n t o  NAD. 
C o n v e r s e l y ,  NAD p r e - i n c u b a t i o n  o f  n u c l e i  from hen l i v e r  
d e c r e a s e d  dTTP i n c o r p o r a t i o n .  E x t r a c t i o n  o f  N A D -tr e a te d  
embryo and a d u l t  l i v e r  n u c l e i  w i t h  0.35M NaCl w i t h  
s u b s e q u e n t  r e c o n s t i t u t i o n  showed t h a t  t h e  f a c t o r s  
r e s p o n s i b l e  f o r  s u p p r e s s i o n  o r  s t i m u l a t i o n  o f  DNA s y n t h e s i s  
were p r e s e n t  i n  t h e  0 .35M NaCl e x t r a c t  ( 1 5 1 ) .  They l a t e r
-  29  -
showed t h e  s t i m u l a t i o n  o f  DNA s y n t h e s i s  o b s e r v e d  w i t h  c h i c k  
embryo n u c l e i  was due t o  i n c r e a s e d  a c c e s s i b i l i t y  o f  t h e  DNA 
t o  n u c l e a s e  [ 1 5 2 ) .  A d m i n i s t r a t i o n  o f  g l u c o c o r t i c o i d  hormone 
t o  c h i c k  embryos c a u s e d  d e c r e a s e s  i n  b o t h  DNA and p o l y  
(A D P -r ib o se )  s y n t h e s i s  ( 1 5 3 ) .  T h is  may be due t o  l o s s  o f  
enzyme a c t i v i t y  as  a r e s u l t  o f  i n c r e a s e d  n u c l e a r  f r a g i l i t y .
Miwa ei^ ^  (1 5 4 )  showed t h a t  p o l y  (A D P -r ib o se )  
s y n t h e t a s e  a c t i v i t y  was 2 t o  1 0  f o l d  h i g h e r  i n  n u c l e i  from 
SV40 t r a n s f o r m e d  c e l l s  v e r s u s  u n tr a n s f o r m e d  c e l l s .  They 
a l s o  d e m o n s t r a t e d  t h a t  i n  c o n t r a s t  t o  u n tr a n s f o r m e d  c e l l s ,  
where enzyme a c t i v i t y  rem ained  c o n s t a n t ,  t h e  a c t i v i t y  in  
t r a n s f o r m e d  c e l l s  i n c r e a s e d  m ark ed ly  th r o u g h o u t  t h e  growth  
c y c l e .  M u l l e r  et_ ^  (1 5 5 )  fou nd  t h a t  a l t e r a t i o n  o f  DNA 
s y n t h e s i s  by Herpes  S im p le x  V ir u s  (HSV) i n f e c t i o n  was n o t  
a ccom p an ied  by a change  i n  p o l y  ( A D P - r i b o s e ) - s y n t h e t a s e  - 
a c t i v i t y  i n  BHK c e l l s  s u g g e s t i n g  A D P - r i b o s y l a t i o n  p l a y s  no 
r o l e  in  t h e  c o n t r o l  mechanisms f o r  c e l l u l a r  o r  HSV DNA 
s y n t h e s i s .
Ghani and H o l l e n b e r g  (1 5 6 )  d e m o n s t r a t e d  t h a t  c h i c k  
embryo h e a r t  c e l l s  e x h i b i t e d  h i g h e r  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  a c t i v i t y  i n  i s o l a t e d  n u c l e i  from c e l l s  grown in  
20% ( v / v )  O2 t h a n  from c e l l s  grown in  5% O2 . They l a t e r  
show ed,  by p u l s e  l a b e l l i n g  t h e  c e l l s  w i t h  ^H a d e n o s i n e ,  
t h a t  p o l y  ( A D P - r ib o s e )  l e v e l s  iai v i v o  w ere  h i g h e r  in  c e l l s  
grown i n  20% ( v / v )  O2 ( 1 5 7 ) .  They s u g g e s t e d  t h a t  i n  
r a p i d l y  g r o w in g  h e a r t  c e l l s  (5% O2 ) ,  t h e  r e d o x  p o t e n t i a l  
s h i f t s  i . e .  NAD* NADH2 , c a u s i n g  d e c r e a s e d  A D P - r i b o s y l a t i o n  
and t h u s  an i n c r e a s e  i n  DNA s y n t h e s i s .
-  3 0  -
S u h a d o I n i k ’ s group l o o k e d  a t  t h e  a b i l i t y  o f  e x o g e n o u s l y  
added E . c o l i  DNA p o l y m e r a s e  1 t o  i n c o r p o r a t e  -dTTP i n t o
n u c l e i  from r a t  l i v e r  o r  HeLa c e l l  n u c l e i  w h ic h  had b een  
p r e - i n c u b a t e d  w i t h  e i t h e r  NAD or  2 ’ or  3' deoxy NAD ( 8 7 ) .
0.5mM NAD c a u s e d  o n l y  a 9% d e c r e a s e  i n  TTP i n c o r p o r a t i o n  
i n t o  a d u l t  r a t  l i v e r  i s o l a t e d  n u c l e i ,  w h e re a s  2 ' ( o r  3 ’ ) 
deoxy NAD i n h i b i t e d  i n c o r p o r a t i o n  90%. A s i m i l a r  r e s u l t  
was found i n  b o t h  f o e t a l  r a t  l i v e r  and N O y ik o f f  hepatoma  
n u c l e i  a l t h o u g h  t h e  i n h i b i t i o n  by deoxy  NAD was l e s s  (50%).
In HeLa c e l l s ,  NAD c a u s e d  a 2 . 5  f o l d  s t i m u l a t i o n  o f  
i n c o r p o r a t i o n  b u t  d eoxy  NAD r e s u l t e d  in  a s l i g h t  i n h i b i t i o n .  
They l a t e r  show ed t h a t  t h i s  was due t o  a d i f f e r e n c e  in  t h e  
a c c e p t o r  p r o t e i n s  f o r  NAD and deoxy  NAD ( 4 3 ) .  I n c u b a t i o n  
o f  b o t h  r a t  l i v e r  n u c l e i  and HeLa c e l l  n u c l e i  r e s u l t e d  
p r e d o n i m a n t l y  i n  m o d i f i c a t i o n  o f  h i s t o n e s  w h e r e a s  deoxy  
NAD m a in l y  m o d i f i e d  n o n - h i s t o n e  p r o t e i n s .  The p h y s i o l o g i c a l  
s i g n i f i c a n c e  o f  t h e s e  d a t a  i s  n o t  u n d e r s t o o d .
For t h e  r e a s o n s  d e t a i l e d  i n  s e c t i o n  2 . 4 ,  i s o l a t e d  
n u c l e i  a r e  c l e a r l y  f a r  from i d e a l  as  v i v o  m o d e ls  f o r  t h e  
s tu d y  o f  A D P - r i b o s y l a t i o n .  In a d d i t i o n  i t  must be q u e s t i o n e d  
w h eth er  i n c o r p o r a t i o n  o f  dTTP i n t o  i s o l a t e d  n u c l e i  r e p r e s e n t s  
s e m i - c o n s e r v a t i v e  DNA s y n t h e s i s .  B e r g e r ' s  group h a v e  shown 
t h a t  i n c o r p o r a t i o n  o f  dTTP i n t o  p e r m e a b i l i z e d  L - c e l l s  
does r e p r e s e n t  s e m i - c o n s e r v a t i v e  DNA s y n t h e s i s  (1 2 4 )  arid 
have s i n c e  l o o k e d  a t  t h e  e f f e c t  o f  A D P - r i b o s y l a t i o n  i n  
t h e s e  c e l l s  on DNA s y n t h e s i s .  They showed t h a t  A D P - r i b o s y ­
l a t i o n  had no e f f e c t  on DNA s y n t h e s i s  and v i c e  v e r s a  when 
b o th  p r o c e s s e s  o c c u r r e d  s i m u l t a n e o u s l y .  An i n c r e a s e  i n  th e
-  31  -
r a t e  o f  A D P - r i b o s y l a t i o n  was s e e n  as  t h e  c e l l s  p r o g r e s s e d  
th r o u g h  t h e  grow th  c y c l e ;  t h i s  was i n  a g reem en t  w i t h  t h e  
d a t a  o f  S t o n e  & S h a l l  [15 8 ) o b t a i n e d  i n  i s o l a t e d  n u c l e i .
I f ,  h o w e v e r ,  t h e  a c t i v i t y  was m easured  i n  t h e  p r e s e n c e  o f  
DNase 1 and T r i t o n  XIOO, no change i n  t h e  r a t e  o f  ADP- 
r i b o s y l a t i o n  o c c u r r e d .  The s i g n i f i c a n c e  o f  t h i s  w i l l  be  
d i s c u s s e d  i n  s e c t i o n  1 . 3 . 4 .  In t h e  f o l l o w i n g  p a p er  i t  was  
shown t h a t  a f t e r  DNA s y n t h e s i s  was i n h i b i t e d  by a c u t e  
g l u c o s e  d e f i c i e n c y ,  v a c c i n i a  v i r u s  i n f e c t i o n  o r  c y t o s i n e  
a r a h i n o s i d e  t r e a t m e n t ,  t h e  i n t r i n s i c  a c t i v i t y  o f  po ly (A D P-  
r i b o s e )  s y n t h e t a s e  i n c r e a s e d  ( 1 5 9 ) .
R a te s  o f  A D P - r i b o s y l a t i o n  and DNA s y n t h e s i s  i n  
p e r m e a b i l i z e d  c e l l s  were  s t u d i e d  f o l l o w i n g  p h y t o h a e m a g g l u t i n i n  
(PHA) t r e a t m e n t  o f  normal and ch ro m ic  l y m p h o c y t i c  l e u k a e m ic  
[CLL) l y m p h o c y t e s  ( 1 6 0 ) .  Lehmann ejt ^  (1 6 1 )  had p r e v i o u s l y  
shown t h a t  A D P - r i b o s y l a t i o n  in  i s o l a t e d  n u c l e i  i n c r e a s e d  
t h r e e - f o l d  f o l l o w i n g  t r e a t m e n t  o f  p i g  ly m p h o c y t e s  w i t h  PHA. 
B e r g e r  e ^  a ^ ,  u s i n g  t h e  p e r m e a b i l i z e d  c e l l  a s s a y  fou nd  t h a t  
b o th  normal and CLL l y m p h o c y t e s  showed an i n c r e a s e  i n  ADP- 
r i b o s y l a t i o n  upon t r e a t m e n t  w i t h  PHA. T h is  e f f e c t  a p p ears  
t o  be d i v o r c e d  from DNA s y n t h e s i s  a f t e r  PHA s t i m u l a t i o n  o f  
CLL l y m p h o c y t e s ,  t h e  r e s p o n s e  o f  DNA s y n t h e s i s  was b o th  much 
l o w e r  and o c c u r r e d  a t  a l a t e r  t im e  t h a n  i n  normal c e l l s  ( 1 6 0 ) .  
The m e th o d o lo g y  em p lo y e d  by. B e r g e r  f o r  d e t e r m i n i n g  t h e  r a t e  
o f  A D P - r i b o s y l a t i o n  h a s  r e c e n t l y  b e e n  q u e s t i o n e d  by W i e l c k i n s  ' 
e t  a l  [ 1 6 2 ) .  B e r g e r  had found  b o t h  i n t r i n s i c  a c t i v i t y  and 
t o t a l  a c t i v i t y  w ere  i n c r e a s e d  i n  CLL l y m p h o c y t e s  when compared  
—̂  t o  normal l y m p h o c y t e s ;  an i n c r e a s e d  a c t i v i t y  had p r e v i o u s l y
-  32  -
b e e n  o b s e r v e d  i n  CLL l y m p h o c y t e s  by K o i d e ’ s group when 
a s s a y e d  i n  i s o l a t e d  n u c l e i  ( 1 6 3 ) .  W i e l c k i n s  e^ ad o b s e r v e d  
t h a t  m e a s u r in g  i n i t i a l  r a t e s  r a t h e r  t h a n  i n c o r p o r a t i o n  o f  
a f t e r  a f i x e d  p e r i o d  o f  t im e  (30 min)  r e s u l t e d  in  
no d i f f e r e n c e  b e t w e e n  i n t r i n s i c  a c t i v i t y  in  normal and 
CLL l y m p h o c y t e s  but  a 2 . 5  f o l d  s t i m u l a t i o n  i n  t o t a l  a c t i v i t y  
when m ea su red  by e i t h e r  p e r m e a b i l i z e d  c e l l s  in  th e  p r e s e n c e  
o f  DNase o r  i n  h o m o g e n a te s .  T h e se  r e s u l t s ,  and t h e  d i f f e r e n c e  
in  k i n e t i c s  o f  A D P - r i b o s y l a t i o n  o b s e r v e d  b o th  by W i e l c k i n s  
e t  a l  and K o i d e ’ s g r o u p ,  may be  e x p l a i n e d  by t h e  l o w e r  l e v e l s  
o f  m o n o -A D P -r ib o se  c o n j u g a t e s  i n  CLL ly m p h o c y te s  iji v i v o  
( 1 6 2 ) .  Thus in  normal l y m p h o c y t e s ,  s a t u r a t i o n  o f  p r o t e i n  
a c c e p t o r s  may l i m i t  b o t h  t h e  r a t e  and t h e  e x t e n t  o f  ADP- 
r i b o s y l a t i o n  o b s e r v e d  in  p e r m e a b i l i z e d  c e l l s ,  and in  i s o l a t e d  
n u c l e i .  E v i d e n c e  t o  s u p p o r t  t h i s  v iew  has  b e e n  o b t a i n e d  by  
Yamada’ s group who showed t h a t  a f t e r  s y n c h r o n i z a t i o n  o f  
c e l l s  w i t h  t h y m i d i n e ,  a known i n h i b i t o r  o f  po ly (A D P-  r i b o s e )  
s y n t h e t a s e  iji  v i t r o , much h i g h e r  l e v e l s  o f  A D P - r i b o s y l a t i o n  
were o b s e r v e d  i n  i s o l a t e d  n u c l e i  i m m e d i a t e l y  f o l l o w i n g  
r e l e a s e  o f  t h e  t h y m i d i n e  b l o c k  t h a n  in  c e l l s  s y n c h r o n i z e d  
w i t h  e i t h e r  h y d r o x y u r e a  or  a m e t h o p t e i n  which  do n o t  i n h i b i t  
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  ( 1 6 4 ) .  They c o n c l u d e d  t h a t  
t h y m id in e  (and n i c o t i n a m i d e  w h ic h  gave  a s i m i l a r  r e s u l t )  was 
i n h i b i t i n g  A D P - r i b o s y l a t i o n  v i v o  and th u s  p r o v i d i n g  more 
a c c e p t o r  s i t e s  f o r  t h e  ^  v i t r o  a s s a y .
An i n t e r e s t i n g  c o r r e l a t i o n  was o b s e r v e d  when B r e d e h o r s t  
e t  a l  ( 1 6 5 )  s t u d i e d  A D P - r i b o s y l a t i o n  in  p e r m e a b i l i z e d  c e l l s  
d u r in g  t h e  grow th  c y c l e  o f  E .A .T .  c e l l s .  In agreem en t  w i t h
-  3 3  -
B e r g e r ' s  d a t a  f o r  L - c e l l s ,  t h e y  o b s e r v e d  an i n c r e a s e  in  
i n t r i n s i c ,  b u t  n o t  t o t a l ,  a c t i v i t y  as t h e  c e l l s  p a s s e d  from  
a p r o l i f e r a t i v e  t o  n o n - p r o l i f e r a t i v e  s t a g e .  They o b s e r v e d  
an i n c r e a s e d  l e v e l  o f  t o t a l  m o n o ( A D P - r i b o s e ) - p r o t e i n  
c o n j u g a t e s  i n  n o n - p r o l i f e r a t i n g  c e l l s  m  v i v o . T h is  i n c r e a s e  
i n  t o t a l  l e v e l s  was a r e s u l t  o f  i n c r e a s e d  l e v e l s  o f  
h y d r o x y l a m i n e - r e s i s t a n t  r e s i d u e s ;  h y d r o x y la m in e  s e n s i t i v e  
r e s i d u e s  rem a in ed  r e l a t i v e l y  c o n s t a n t .  T h is  i s  t h e  f i r s t  
d a ta  t o  s u g g e s t  A D P - r i b o s y l a t i o n  may f u l f i l l  two d i f f e r e n t  
f u n c t i o n s .
3 . 3  DNA t r a n s c r i p t i o n
As i n  t h e  c a s e  o f  DNA r e p l i c a t i o n , two main ap p ro a ch es  
have b e en  u s e d  t o  i n v e s t i g a t e  a p o s s i b l e  r o l e  f o r  ADP- 
r i b o s y l a t i o n  i n  t h e  t r a n s c r i p t i o n  o f  DNA v i z  t h e  e f f e c t  o f  
p r e - i n c u b a t i o n  w i t h  NAD on t h e  a b i l i t y  t o  i n c o r p o r a t e  
r a d i o a c t i v e  p r e c u r s o r  i n t o  a c i d - i n s o l u b l e  m a t e r i a l  and 
s e c o n d l y  t h e  c o r r e l a t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
a c t i v i t i e s  w i t h  t h e  a b i l i t y  o f  v a r i o u s  c e l l s  t o  s y n t h e s i z e  
RNA.
The f i r s t  approach  was u s e d  by B u r z io  & Koide who 
o b s e r v e d  no d e c r e a s e  i n  ^H-UTP i n c o r p o r a t i o n  i n t o  r a t  l i v e r  
n u c l e i  a f t e r  p r e - i n c u b a t i o n  w i t h  NAD ( 1 6 6 ) .  Furneaux &
P e a r so n  (1 6 7 )  i n v e s t i g a t i n g  t h e  e f f e c t  o f  A D P - r i b o s y l a t i o n  
on t h e  a b i l i t y  o f  BHK c e l l  n u c l e i  found two o p p o s i t e  r e s u l t s  
d ep en d in g  on t h e  i o n i c  s t r e n g t h  o f  t h e  r e a c t i o n  m i x t u r e .
At low i o n i c  s t r e n g t h ,  A D P - r i b o s y l a t i o n  d i m i n i s h e s  t h e  a b i l i t y
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o f  n u c l e i  t o  i n c o r p o r a t e  -UTP w h e re a s  a t  h i g h  i o n i c
s t r e n g t h  UTP i n c o r p o r a t i o n  i s  s t i m u l a t e d .  They s u g g e s t  
t h a t  t h e  d i f f e r e n t i a l  e f f e c t s  a r e  due t o  t h e  two forms o f  
RNA p o l y m e r a s e ;  RNA p o l y m e r a s e  I w h ich  i s  more a c t i v e  a t  
low i o n i c  s t r e n g t h  and RNA p o l y m e r a s e  I I  w h ich  i s  more 
a c t i v e  a t  h i g h  i o n i c  s t r e n g t h .  I n v e s t i g a t i o n  o f  t h e  
i n h i b i t i o n  a t  low  i o n i c  s t r e n g t h  showed t h a t  t h e  « - a m a n i t i n  
r e s i s t a n t  p o l y m e r a s e  ( I )  was more s e n s i t i v e  t o  A D P -r ib o s y ­
l a t i o n  t h a n  t h e  t o t a l  p o l y m e r a s e  a c t i v i t y .  They f u r t h e r  
s u g g e s t  t h a t  t h e  i n h i b i t i o n  was due t o  A D P - r i b o s y l a t i o n  o f  
RNA p o l y m e r a s e  1 b e c a u s e  when a s s a y e d  u s i n g  an e x o g e n o u s  
DNA t e m p l a t e ,  t h e  p o l y m e r a s e  e x t r a c t e d  from NAD t r e a t e d  
n u c l e i  had  l o w e r  a c t i v i t y  t h a n  t h a t  from c o n t r o l  n u c l e i .
D i r e c t  A D P - r i b o s y l a t i o n  o f  RNA p o ly m e r a s e  1 had e a r l i e r  
been  s u g g e s t e d  by M u l l e r ' s  group (1 6 8 )  who had shown t h a t  
f o l l o w i n g  p r e - i n c u b a t i o n  w i t h  ^H-NAD, RNA p o ly m e r a s e  1 had
- p o l y  (ADP- r i b o s e )  a s s o c i a t e d  w i t h  i t  a f t e r  a p u r i f i c a t i o n  
o f  5 5 0 - f o l d  from n u c l e i .  The amount o f  p o l y ( A D P - r i b o s e )  
a s s o c i a t e d  w i t h  RNA p o l y m e r a s e  I showed an i n v e r s e  c o r r e l a t i o n  
w i t h  t h e  t r a n s c r i p t i o n a l  a c t i v i t y  o f  t h e  o v i d u c t  from which  
i t  MSLS i s o l a t e d .
The s e c o n d  a p p r o a c h  f o r  e s t a b l i s h i n g  a d e f i n i t e  r o l e  
f o r  A D P - r i b o s y l a t i o n  i n  DNA t r a n s c r i p t i o n ,  i . e .  t h e  c o r r e l a t i o n  
o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  w i t h  c e l l s  o f  d i f f e r e n t  
c a p a c i t i e s  f o r  t r a n s c r i p t i o n ,  h a s  b e e n  a l s o  u s e d  by M u l l e r ' s  
group .  They fo u n d  t h a t  d u r i n g  hormone in d u c e d  g en e  e x p r e s s i o n ,  
n u c l e i  from immature q u a i l  o v i d u c t s  had l o w e r  p o l y  (A D P -r ib o se )  
s y n t h e t a s e  a c t i v i t y  t h a n  t h o s e  from c o n t r o l s  ( 1 6 9 ) .  T h is  i s
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once  more i n d i c a t i v e  o f  a r e g u l a t o r y  r o l e  f o r  A D P -r ib o s y ­
l a t i o n .  A d i f f e r e n t  r e s u l t ,  h o w e v e r ,  was o b t a i n e d  u s i n g  
a s i m i l a r  a p p ro a c h  i n  r a t  l i v e r .  H i l z  & K i t t l e r  (1 7 0 )  
c o u l d  d e t e c t  no d i f f e r e n c e  i n  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
a c t i v i t y  i n  n u c l e i  i s o l a t e d  from c o n t r o l ,  a d r e n a l e c t r o m i z e d  
or  c o r t i s o l - t r e a t e d  r a t s .
S m u l s o n ' s  group have  s u g g e s t e d  t h a t  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  i s  p r e f e r e n t i a l l y  l o c a l i z e d  i n  t r a n s c r i p t i o n a l l y  
a c t i v e  c h r o m a t i n  ( 1 7 1 ) .  T h i s  f i n d i n g  w o u ld  a l s o  s u g g e s t  
A D P - r i b o s y l a t i o n  was i n v o l v e d  i n  t r a n s c r i p t i o n .  Yukioka  
e ^  ^  (1 7 2 )  h ave  s i n c e  q u e s t i o n e d  t h e  m e th o d o lo g y  u se d  
t o  s e p a r a t e  t r a n s c r i p t i o n a l l y  a c t i v e  and i n a c t i v e  c h r o m a t in .  
U s in g  a d i f f e r e n t  t e c h n i q u e  t h e y  c o u l d  n o t  d e t e c t  a d i f f e r ­
en c e  in  t h e  s p e c i f i c  a c t i v i t i e s  o f  t h e  enzyme b e tw e e n  t h e  
two forms o f  c h r o m a t i n .
The s p e c i f i c  a c t i v i t y  o f  p o l y ( A D P - r i b o s e )  m e t a b o l i z i n g  
enzymes i n  n u c l e o l i ,  t h e  s i t e  o f  r i b o s o m a l  RNA t r a n s c r i p t i o n ,  
has  b ee n  compared w i t h  t h a t  i n  w h o le  n u c l e i  form T e t r a -  
hymena p y r i f o r m i s  ( 1 7 3 ) .  The a u t h o r s  c o u l d  d e t e c t  no 
d i f f e r e n c e  i n  t h e  s p e c i f i c  a c t i v i t y  o f  e i t h e r  p o ly (A D P-  
r i b o s e )  s y n t h e t a s e  o r  g l y c o h y d r o l a s e  i n  n u c l e o l i .  A 
d i f f e r e n t  r e s u l t  was o b t a i n e d  by Kawashima & Izawa (174)  
who u s e d  a a u t o r a d i o g r a p h i c  t e c h n i q u e  t o  ex a m in e  t h e  s i t e  
o f  A D P - r i b o s y l a t i o n  i n  n u c l e i  from E .A .T .  c e l l s .  The 
n u c l e o l u s  a p p e a r e d  t o  have  h i g h e r  a c t i v i t y  th a n  t h e  r e s t  o f  
t h e  n u c l e u s .  I t  was a l s o  shown t h a t  f o l l o w i n g  SDS g e l  
e l e c t r o p h o r e s i s ,  a d i f f e r e n t  s e t  o f  p r o t e i n s  were m o d i f i e d .
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Among t h e s e  i t  was found  t h a t  a n u c l e o l u s - s p e c i f i c  p h o sp h o -  
p r o t e i n  w i t h  a m o l e c u l a r  w e i g h t  o f  1 2 0 , 0 0 0  was A D P -r ib o s y ­
l a t e d .  A r o l e  f o r  A D P - r i b o s y l a t i o n  in  t h e  r e g u l a t i o n  o f  
r ib o s o m a l  gene  t r a n s c r i p t i o n  i s  s u g g e s t e d  by t h e  f i n d i n g  
t h a t  RNA p o l y m e r a s e  1 i s  i n h i b i t e d  by A D P - r i b o s y l a t i o n  
( s e e  a b o v e )  and a l s o  from t h e  o b s e r v a t i o n  t h a t  t h e  p r o t e i n  
A24,  w h ich  i s  t h o u g h t  t o  a c t  as  a c o n t r o l l e r  o f  r ib o s o m a l  
gene e x p r e s s i o n  ( 1 7 5 ) ,  i s  A D P - r i b o s y l a t e d  in  r a t  l i v e r  
n u c l e i  ( 4 5 ) .
1 . 3 . 4 .  DNA r e p a i r
The s t u d y  o f  a p o s s i b l e  r o l e  f o r  A D P - r i b o s y l a t i o n  in  
t h e  p r o c e s s  o f  DNA r e p a i r  has  b een  prom pted  by two  
o b s e r v a t i o n s .  F i r s t l y ,  i t  h a s  l o n g  b e e n  known t h a t  
t r e a t m e n t s  w h ich  damage DNA c a u s e  a d e p l e t i o n  o f  i n t r a c e l l u l a r  
NAD and s e c o n d l y  t h a t  f r a g m e n t a t i o n  o f  DNA by n u c l e a s e s  
s t i m u l a t e s  t h e  a c t i v i t y  o f  p o ly (A D P -r  h o s e )  s y n t h e t a s e  
in v i t r o  ( s e c t i o n  1 . 3 . 4 ) .
The f i r s t  r e p o r t s  t h a t  t r e a t m e n t  o f  c e l l s  ^  v i v o  
w i t h  a l k y l a t i n g  a g e n t s  i n c r e a s e d  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
a c t i v i t y  came from S m u ls o n ’s and S h a l l ’ s l a b s .  Both groups  
d e m o n s t r a te d  t h a t  f o l l o w i n g  t r e a t m e n t  o f  c e l l s  w i t h  
s t r e p t o z o t o c i n , t h e  2 - d e o x y g l u c o s e  d e r i v a t i v e  o f  N - m e t h y l -  
N r n i t r o s o u r e a  (MNU), t h e  a c t i v i t y  o f  p o l y  (A D P -r ib o se )  
s y n t h e t a s e  i n  i s o l a t e d  n u c l e i  from HeLa c e l l s  ( 1 7 6 )  and 
Physarum p o l y c e p h a l u m  (1 7 7 )  was i n c r e a s e d .  A w id e  v a r i e t y  
o f  a l k y l a t i n g  a g e n t s  have  b e e n  shown t o  s t i m u l a t e  po ly(A DP-
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r i b o s e )  s y n t h e t a s e  a c t i v i t y .  These  i n c l u d e  MNU i t s e l f  
( 1 7 8 ) ,  N - m e t h y l - N - n i t r o - N - n i t r o s o g u a n i d i n e  ( 6 3 ) ,  a l k y l  
s u l p h o n a t e s  and a l k y l  s u l p h a t e s  ( 1 7 9 ) .  Smulson has  shown  
t h a t ,  i n  i s o l a t e d  n u c l e i ,  th e  i n c r e a s e d  A D P - r i b o s y l a t i o n  
in  r e s p o n s e  t o  MNU t r e a t m e n t  o f  HeLa c e l l s  i s  a r e s u l t  o f  
i n c r e a s e d  a v a i l a b i l i t y  o f  p r o t e i n  a c c e p t o r s  r a t h e r  t h a n  an 
i n c r e a s e  i n  t h e  l e n g t h  o f  p o l y  ( A D P -r ib o se )  c h a i n s  ( 1 8 0 ) .  
J a c o b s o n  & J a c o b s o n  (1 8 1 )  exam ined  t h e  e f f e c t  on NAD 
l e v e l s  o f  N - n i t r o s o  compounds w h ich  were e i t h e r  d i r e c t -  
a c t i n g  o r  i n d i r e c t - a c t i n g  c a r c i n o g e n s  o r  n o n - c a r c i n o g e n s  
in  b o t h  3T3 c e l l s  or  n i t r o g e n - s t i m u l a t e d  human l y m p h o c y t e s .  
D i r e c t - a c t i n g  c a r c i n o g e n s  w ere  o b s e r v e d  t o  c a u s e  l a r g e  
d e c r e a s e s  o f  NAD in  b o t h  c e l l  t y p e s  w h erea s  i n d i r e c t -  
a c t i n g  c a r c i n o g e n s  d e c r e a s e d  l e v e l s  i n  l y m p h o c y te s  b u t  
n o t  3T3 c e l l s .  N o n - c a r c i n o g e n s  had no e f f e c t  on NAD in  
e i t h e r  c e l l  t y p e .  S m u ls o n ’ s group have  compared two 
n i t r o s o u r e a s  i n  t h e i r  a b i l i t y  t o  s t i m u l a t e  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  and d e p r e s s  NAD l e v e l s  ( 1 8 0 ) .  These  were MNU 
w hich  a l k y l a t e s  DNA and c a u s e s  s t r a n d  b r e a k s  and l - ( 2  c h l o r o  
e t h y l ) - 3  c y c l o h e x y l - l - n i t r o s o u r e a  (CCNU) w hich  c a r b a m o y l a t e s  
DNA c a u s i n g  e x t e n s i v e  c r o s s  l i n k i n g  b u t  l e s s  s t r a n d  
b r e a k a g e .  MNU and o t h e r  a l k y l n i t r o s o u r e a s  c a u s e  a d e c r e a s e  
i n  c e l l u l a r  NAD and s t i m u l a t e d  A D P - r i b o s y l a t i o n  iji v i t r o . 
CCNU and o t h e r  c h l o r o e t h y l  n i t r o s o u r e a s  had no e f f e c t  on 
NAD l e v e l s  and s l i g h t l y  i n h i b i t e d  A D P - r i b o s y l a t i o n .  In 
o r d e r  t o  i n v e s t i g a t e  t h i s  phenomenon f u r t h e r ,  t h e  s i t e s  o f  
a c t i o n  o f  MNU and CCNU w ere  e x a m in e d .  MNU p r i n c i p a l l y  
a l k y l a t e d  t h e  i n t e r n u c l e o s o m a l  r e g i o n s  o f  DNA, w h ich  has
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been  r e p o r t e d  t o  be t h e  s i t e  o f  p o l y  (A D P -r ib o se )  s y n t h e t a s e ,  
whereas  CCNU m a in ly  m o d i f i e d  t h e  n u c l e o s o m a l  c o r e  DNA ( 1 9 2 ) .  
In a d d i t o n ,  t h e  h i s t o n e s  w ere  p r e d o m in a n t l y  m o d i f i e d  by  
MNU and n o n - h i s t o n e s  w ere  t h e  major  s i t e  w i t h  DDNU. They  
s u g g e s t e d  t h a t  t h e  d i f f e r e n t i a l  s i t e s  o f  a c t i o n  o f  t h e s e  
two compounds may e x p l a i n  t h e  s e p a r a t e  e f f e c t s  on ADP- 
r i b o s y l a t i o n  i n  i s o l a t e d  n u c l e i .
Among o t h e r  t r e a t m e n t s  iui v i v o  w hich  a r e  known t o  
damage DNA, y - i r r a d i a t i o n  ( 1 8 3 ) ,  uv i r r a d i a t i o n  (1 8 4 )  and 
a n t i b i o t i c s  s u c h  as  n e o c a r z i n o s t a t i n  ( 1 8 3 ) ,  b l e o m y c in  ( 1 8 5 ) ,  
macromomycin and a d r i a m y c in  (1 8 6 )  a re  a l l  known t o  c a u s e  
i n c r e a s e  i n  p o l y  ( A D P - r ib o s e )  s y n t h e t a s e  a c t i v i t y  iji  v i t r o . 
B e r g e r ’ s group have  compared t h e  r e s p o n s e  o f  l y m p h o c y te s  
from p a t i e n t s  w i t h  xeroderm a pigm entosum  (XP) t o  damage by  
e i t h e r  MNNG or  u v - i r r a d i a t i o n  w i t h  t h a t  o f  normal l y m p h o c y te s  
( 1 8 7 ) .  C e l l s  from p a t i e n t s  w i t h  XP a r e  r e p o r t e d  t o  be  
u n a b le  t o  r e p a i r  DNA damage c a u s e d  by u v - i r r a d i a t i o n  
( 1 8 8 ,1 8 9 )  b u t  are  a b l e  t o  r e p a i r  damage c a u s e d  by MNNG ( 1 9 0 ) .  
Both normal and XP c e l l s  showed l a r g e  i n c r e a s e s  i n  i n t r i n s i c  
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  i n  p e r m e a b i l i z e d  c e l l s  
a f t e r  MNNG t r e a t m e n t .  The r e s p o n s e  was much g r e a t e r  in  
XP c e l l s  (150-300% i n  norm al  c e l l s  v s  500-1500% in  XP c e l l s ) .  
A f t e r  uv i r r a d i a t i o n ,  XP c e l l s  had e i t h e r  a b s e n t ,  much 
lo w er  o r  much d e l a y e d  r e s p o n s e s  t h a n  normal c e l l s .  B er g er  
a l s o  s u g g e s t e d  t h a t  t h e  i n c r e a s e d  i n t r i n s i c  a c t i v i t y  
s e e n  in  s t a t i o n a r y  v s .  l o g  p h a se  c e l l s  (and i n  t e m p e r a t u r e  
s e n s i t i v e  c e l l s  grown a t  33°C) may be  a r e s u l t  o f  damaged 
DNA r a t h e r  t h a n  i n h i b i t i o n  o f  DNA r e p l i c a t i o n  ( 1 9 1 ) .
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H i l z ’ s group  h a v e  d e m o n s t r a t e d  t h a t  as  E .A .T .  c e l l s  e n t e r  
s t a t i o n a r y  p h a s e  t h e  h y d r o x y l a m i n e - r e s i s t a n t , b u t  n o t  t h e  
s e n s i t i v e ,  mono ( A D P -r ib o s e )  r e s i d u e s  i n c r e a s e  iji v i v o .
I t  i s  p o s s i b l e  t h a t  DNA damage c o u l d  be  a s s o c i a t e d  
h y d r o x y l a m i n e - r e s i s t a n t  r e s i d u e s  and t h e  s e n s i t i v e  r e s i d u e s  
w i t h  o t h e r  f u n c t i o n s . J a c o b s o n ’ s group (6 5 )  have  r e c e n t l y  
shown t h a t ,  i n  SV40 t r a n s f o r m e d  3T3 c e l l s ,  t h e  p o ly (A D P-  
r i b o s e )  c o n t e n t  o f  t h e s e  c e l l s  i n c r e a s e d  150 f o l d  in  
r e s p o n s e  t o  MNNG t r e a t m e n t .
A l l  t h e  d a t a  d e s c r i b e d  above  i n d i c a t e  t h a t  po ly (A D P-  
r i b o s e )  s y n t h e t a s e  and A D P - r i b o s y l a t i o n  a r e  a s s o c i a t e d  w i t h  
th e  damage o f  DNA b u t  none o f  t h e  d a t a  p r o v e s  t h a t  ADP- 
r i b o s y l a t i o n  i s  i n v o l v e d  i n  i t s  r e p a i r .  R e s u l t s  p r e s e n t e d  
b e lo w  a t t e m p t  t o  p r o v e  t h a t  A D P - r i b o s y l a t i o n  i s  in d e e d  
i n v o l v e d  w i t h  DNA r e p a i r .
S h a l l ’ s group h a v e  shown t h a t  t h e  c y t o t o x i c i t y  o f  
DNA-damaging t r e a t m e n t s  suc h  as  a l k y l a t i n g  a g e n t s ,  y - i r r a d i  
a t i o n  and n e o c a r z i n o s t a t i n  ( 1 7 9 , 1 9 2 )  was i n c r e a s e d  when 
a d m i n i s t e r e d  t o  c e l l s  i n  t h e  p r e s e n c e  o f  known i n h i b i t o r s  
o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a t  d o s e s  w h ic h  a r e  n o t  
c y t o t o x i c  i n  t h e m s e l v e s .  The i n h i b i t o r s  u s e d  w ere  
5 - m e t h y l  n i c o t i n a m i d e ,  t h y m i d i n e  (w hich  when a d m i n i s t e r e d  
w i t h  d eoxy  c y t i d i n e  d o e s  n o t  i n h i b i t  DNA s y n t h e s i s )  and 
m e t h y l a t e d  x a n t h i n e s .  I t  was a rg u ed  t h a t  su c h  an e f f e c t  
i s  m e d ia t e d  by i n h i b i t i o n  o f  A D P - r i b o s y l a t i o n  iui v i v o  
w i t h  a c o n s e q u e n t  i n a b i l i t y  t o  r e p a i r  t h e  damaged DNA.
They h a v e  s i n c e  show n,  h o w e v e r ^ t h a t  c a f f e i n e ,  a known
-  4 0  -
i n h i b i t o r  o f  b o t h  p e l y ( A D P - r i b o s e )  s y n t h e t a s e  and p o s t ­
r e p l i c a t i o n  r e p a i r ,  p r o b a b l y  does  n o t  e x e r t  i t s  e f f e c t  v i a  
A D P - r i b o s y l a t i o n  b u t  by some o t h e r  mechanism ( 1 9 3 ) .
J a c o b s o n  & Naras imhan (1 9 4 )  h ave  shown t h a t  3T3 c e l l s  
d e p l e t e d  o f  NAD by c u l t u r e  in  n i c o t i n a m i d e - f r e e  medium are  
u n a b le  t o  u n d erg o  c a r c i n o g e n - i n d u c e d  u n s c h e d u l e d  DNA 
s y n t h e s i s  ( i . e .  gap f i l l i n g )  i n d i c a t i n g  t h a t  NAD, t h e  
s u b s t r a t e  f o r  A D P - r i b o s y l a t i o n ,  i s  e s s e n t i a l  f o r  t h e  r e p a i r  
o f  DNA. Durkez e ^  ^  (1 9 5 )  have  r e a c h e d  a s i m i l a r  c o n c l u s i o n  
a f t e r  sh o w in g  t h a t  N A D -d e p le te d  LS1210 c e l l s  a r e  u n a b le  t o  
c o n v e r t  low  m o l e c u l a r  w e i g h t  DNA t o  h i g h  m o l e c u l a r  w e i g h t  
DNA f o l l o w i n g  t r e a t m e n t  w i t h  d i m e t h y l s u l p h a t e  (DMS). The 
p o s s i b i l i t y  t h a t  NAD^rather t h a n  A D P - r i b o s y l a t i o n ,  i s  i n v o l v e d  
i s  e x c l u d e d  b e c a u s e  u s i n g  3 -a m in o b e n z a m id e , one o f  t h e  
i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  d i s c o v e r e d  in  
t h i s  l a b o r a t o r y ,  t h e  r e p a i r  o f  DMS in d u c e d  damage was 
i n h i b i t e d  a l t h o u g h  NAD l e v e l s  d i d  n o t  c h a n g e .
The above  d a t a  s t r o n g l y  s u g g e s t s  t h a t  one o f  t h e  
b i o l o g i c a l  r o l e s  o f  A D P - r i b o s y l a t i o n  i s  t h e  r e p a i r  o f  
s t r a n d  b r e a k e s  i n  DNA.
1 . 3 . 5  C e l l  c y c l e
Many w o r k e r s  h a v e  i n v e s t i g a t e d  t h e  in v o l v e m e n t  o f  
A D P - r i b o s y l a t i o n  i n  t h e  t i m i n g  o f  e v e n t s  d u r in g  t h e  c e l l  
c y c l e .  The m a j o r i t y  o f  s t u d i e s  have  i n v o l v e d  m easurem ents  
o f  r a t e s  o f  A D P - r i b o s y l a t i o n  i n  n u c l e i  i s o l a t e d  from c e l l s  
in  d i f f e r e n t  s t a g e s  o f  t h e  c e l l  c y c l e .  A l a r g e  number o f
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d i f f e r e n t  r e s u l t s  have  emerged and most  are  summarized in  
H i l z  & S t o n e ' s  r e v i e w  ( 1 ) .  In g e n e r a l  i t  was found t h a t  
enzyme a c t i v i t y  was low i n  S - p h a s e  and h i g h  i n  G2 p h a s e .  
K id w e l l  u s e d  a d r i a m y c i n ,  macromomycin, n e o c a r z i n o s t a t i n  
and b i s c h l o r o e t h y l - n i t r o s o u r e a  t o  a r r e s t  s y n c h r o n i z e d  
HeLa and L929 c e l l s  i n  G2 p h a se  ( 1 8 6 ) .  The f i r s t  t h r e e  
o f  t h e s e  compounds a l l  c a u s e  s i n g l e  s t r a n d  b r e a k s  i n  DNA 
( 1 9 6 , 1 9 7 ) ,  w h ich  h ave  b e e n  shown t o  a c t i v a t e  po ly (A D P-  
r i b o s e )  s y n t h e t a s e  ( s e e  p r e v i o u s  s e c t i o n ) .  Only a d r ia m y c in  
and macromomycin,  h o w e v e r ,  c a u s e d  an i n c r e a s e d  enzyme  
a c t i v i t y  i n  i s o l a t e d  n u c l e i ;  n e o c a r z i n o s t a t i n , and b i s c h l o r o -  
n i t r o s u r e a ,  had no e f f e c t .  Furtherm ore  t h e  two e f f e c t i v e  
compounds s t i m u l a t e d  t h e  i n c o r p o r a t i o n  o f  - a d e n o s i n e
i n t o  p o l y  (A D P - r ib o s e )  i j l  I t  was s u g g e s t e d  t h a t  t h e
d i f f e r e n t  compounds w ere  a c t i n g  a t  d i f f e r e n t  p o i n t s  in  G2 
ph ase  and t h a t  i n c r e a s e d  A D P - r i b o s y l a t i o n  o c c u r r e d  a t  a 
s p e c i f i c  p o i n t  i n  G2 .
Tanuma e;t ^  (1 9 8 )  u s e d  c o l e c m i d  t o  i n h i b i t  m i t o s i s  
in  HeLa c e l l s .  They found  t h a t  t h i s  t r e a t m e n t  c a u s e d  
a f i v e - f o l d  i n c r e a s e  in  A D P - r i b o s y l a t i o n  i n  i s o l a t e d  n u c l e i .  
B e r g e r ' s  group h a v e  s t u d i e d  A D P - r i b o s y l a t i o n  in  p e r m e a b i l i z e d  
C h in ese  h a m s t e r  o v a r y  c e l l s  f o l l o w i n g  m i t o t i c  s e l e c t i o n  
( 1 9 9 ) .  The i n t r i n s i c  a c t i v i t y  i n c r e a s e d  d u r in g  G^, d e c r e a s e d  
r a p i d l y  a s  t h e  c e l l s  t r a v e r s e d  S - p h a s e ,  and t h e n  i n c r e a s e d  
d u r in g  G2 , M and G% p h a s e s .  The t o t a l  a c t i v i t y ,  h o w e v e r ,  
rem ained  c o n s t a n t  t h r o u g h  G^, i n c r e a s e d  d u r in g  S - p h a s e  and 
d e c r e a s e d  a f t e r  m i t o s i s .  They s u g g e s t e d  t h a t  t h e  enzyme  
was s y n t h e s i z e d  d u r i n g  S - p h a s e ,  a s  a r e  t h e  h i s t o n e s  ( 2 0 0 ) .
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T h is  had p r e v i o u s l y  b e e n  i n d i c a t e d  by S m u ls o n 's  group who 
found t h a t  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  was a s s o c i a t e d  
w i t h  c y t o p l a s m i c  r ib o s o m e s  d u r in g  S - p h a s e  b u t  rem ain ed  low  
a t  o t h e r  s t a g e s  ( 8 4 ) .  T h i s  may a c c o u n t  f o r  t h e  i n c r e a s e  in  
a c t i v i t y  o b s e r v e d  by R o b e r t s  e t  ^  (2 0 1 )  and C o ly e r  ^
(202 )  d u r i n g  t h e  S - p h a s e  when t h e y  u s e d  i s o l a t e d  n u c l e i  
f o r  t h e i r  a s s a y s .
L e v e l s  o f  p o l y ( A D P - r i b o s e )  and m o n o (A D P -r ib o se )  p r o t e i n  
c o n j u g a t e s  h a v e  b e e n  m easured  i n  v i v o  d u r in g  t h e  c e l l  c y c l e .  
K id w e l l  & Mage ( 6 8 ) u s e d  a r a d io im m u n o a ssa y  t o  measure  a 
p o l y ( A D P - r i b o s e )  t h r o u g h o u t  t h e  c e l l  c y c l e  o f  HeLa. L e v e l s  
i n c r e a s e d  s i x  f o l d  as  t h e  c e l l s  p a s s e d  from e a r l y  S t o  l a t e  
S p h a s e .  A l a r g e r  i n c r e a s e  was s e e n  d u r in g  e a r l y  G2 p h a se  
( t e n - f o l d ) .  H i l z ' s  group (2 0 3 )  u s e d  a ra d io im m u n o -a s sa y  
t o  m easure  mono A D P -r ib o s e  p r o t e i n  c o n j u g a t e s  th ro u g h  t h e  
c e l l  c y c l e  o f  t h e  n a t u r a l l y  su n c h r o n o u s  s l i m e  mould  
Physarum p o l y c e p h a l u m . T o t a l  c o n j u g a t e s  d e c r e a s e d  f o l l o w i n g  
m i t o s i s  t h r o u g h  S - p h a s e  (Gx i s  a b s e n t )  i n c r e a s e d  s h a r p l y  
a t  t h e  S-G2 bou n d ary  and c o n t i n u e d  t o  r i s e  s l o w l y  t h r o u g h o u t  
G2 t o  m i t o s i s .  When h y d r o x y la m in e  s e n s i t i v e  and r e s i s t a n t  
r e s i d u e s  w ere  a n a l y s e d ,  two d i s t i n c t  p a t t e r n s  em erged .  
H yd roxy lam in e  s e n s i t i v e  A D P -r ib o s e  c o n j u g a t e s  d e c r e a s e d  
i m m e d i a t e l y  f o l l o w i n g  m i t o s i s ,  r em a in ed  low th r o u g h  S - p h a s e  
i n c r e a s e d  a t  t h e  S-G2 b ou n d ary  and rem a in ed  a t  t h a t  l e v e l  
e x c e p t  f o r  a t r a n s i e n t  sh a r p  d e c r e a s e  in  l a t e  G2 . Hydroxylam ine  
r e s i s t a n t  r e s i d u e s ,  h o w e v e r ,  a l s o  d e c r e a s e d  f o l l o w i n g  
m i t o s i s  b u t  i n c r e a s e d  d u r i n g  S - p h a s e ;  t h e y  t h e n  rem ain ed  
c o n s t a n t  e x c e p t  f o r  a t r a n s i e n t  i n c r e a s e  d u r i n g  l a t e  G2 .
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These d a t a  s t r o n g l y  s u g g e s t  t h a t  A D P - r i b o s y l a t i o n  i s  i n v o l v e d  
in  more t h a n  one f u n c t i o n  d u r in g  t h e  c e l l  c y c l e  o f  Physarum 
P o l y c e p h a l u m .
1 . 3 . 6  C e l l u l a r  d i f f e r e n t i a t i o n
A l t h o u g h  t h e  d a t a  l i n k i n g  A D P - r i b o s y l a t i o n  w i t h  
d i f f e r e n t i a t i o n  i s  p r e s e n t e d  b e l o w ,  i t s  i n v o l v e m e n t  may 
be m e d ia t e d  t h r o u g h  an e f f e c t  on any o f  t h e  p r o c e s s e s  
m e n t io n e d  p r e v i o u s l y .  The two a p p r o a c h e s  u s e d  have  b een  
t o  s t u d y  A D P - r i b o s y l a t i o n  e i t h e r  d u r in g  t h e  e a r l y  d e v e l o p ­
ment o f  an o r g a n ism  o r  d u r in g  e x p e r i m e n t a l l y  in d u c e d  
d i f f e r e n t i a t i o n .
Caplan ex a m ined  t h e  d i f f e r e n t i a t i o n  o f  mesodermal  
c e l l s  from em b ry o n ic  c h i c k  l imb buds i n t o  e i t h e r  m u sc le  
or c a r t i l a g e  c e l l s .  He found" t h a t  NAD l e v e l s  f l u c t u a t e d  
d u r in g  d i f f e r e n t i a t i o n  and l a t e r  exam ined  t h e  p o s s i b l e  
i n v o l v e m e n t  o f  A D P - r i b o s y l a t i o n  in  t h e  p r o c e s s  ( 2 0 4 ) .  
C h o n d r io g e n ic  e x p r e s s i o n  was i n h i b i t e d  by  e x p o s u r e  o f  
c u l t u r e s  t o  e i t h e r  n i c o t i n a m i d e  o r  5-bromo d eoxy  u r i d i n e ,  
b o th  o f  w h ic h  i n h i b i t  A D P - r i b o s y l a t i o n  iui v i t r o  ( s e c t i o n  
1 . 2 . 4 ) ,  and t h i s  t r e a t m e n t  a l s o  c a u s e d  a d e c r e a s e  i n  t h e  
i n c o r p o r a t i o n  o f  ^H - a d e n i n e  i n t o  p o l y ( A D P - r i b o s e )  in  v i v o . 
Treatm ent  o f  c u l t u r e s  w i t h  3 - a c e t y l p y r i d i n e  c a u s e d  a 
p o t e n t i a t i o n  o f  c h o n d r i o g e n i c  e x p r e s s i o n  and a s t i m u l a t i o n  
o f  ^H - a d e n i n e  i n c o r p o r a t i o n  i n t o  p o l y ( A D P - r i b o s e ) . The 
e f f e c t s  o f  3 - a c e t y l p y r i d i n e ,  h o w e v e r ,  have  b e e n  a s c r i b e d  
t o  t h e  c o m p l e t e  d e s t r u c t i o n  o f  p e r i p h e r a l  n e r v e s  o v e r  24
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h o u rs  e x p o s u r e ,  r e s u l t i n g  i n  a much g r e a t e r  r e p r e s s i o n  o f  
m y o g e n o s i s  t h a n  c h o n d r i o g e n e s i s  a l t h o u g h  b o t h  p r o c e s s e s  are  
i n h i b i t e d  ( 2 0 5 ) .  C a p la n ,  t o g e t h e r  w i t h  M a n d e l ' s  g ro u p ,  
has  shown u s i n g  a f l u o r i m e t r i c  a s s a y  f o r  p o l y ( A D P - r i b o s e )  
t h a t  t h e  l e v e l s  do f l u c t u a t e  d u r in g  t h e  d ev e lo p m e n t  o f  l imb  
buds and t h a t  c a r t i l a g e  and m u sc le  c e l l s  h ave  two d i s t i n c t  
p r o f i l e s . ( 2 0 6 ) .
H i l z ' s  group h a v e  l o o k e d  a t  mono A D P -r ib o s e  d u r in g  th e  
d e v e lo p m e n t  o f  r a t  l i v e r  and have  fou nd  h y d r o x y la m in e  
s e n s i t i v e  and r e s i s t a n t  r e s i d u e s  showed two s e p a r a t e  p r o f i l e s  
and r e s i s t a n t  r e s i d u e s  showed two s e p a r a t e  p r o f i l e s  ( u n p u b l i s h e d  
d a t a ) .  K o i d e ' s  group found t h a t  d u r i n g  Xenopus l a e v i s  
o o c y t e  m a t u r a t i o n  t h e  a c t i v i t y  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
r o s e  t h r e e - f o l d  j u s t  p r i o r  t o  o o c y t e  n u c l e a r  breakdow n,  which  
i s  m e d ia t e d  by p r o g e s t e r o n e  ( 2 0 7 ) .  They h a v e  r e c e n t l y  
r e p o r t e d  t h a t  n u c l e a r  breakdown i s  a s s o c i a t e d  w i t h  a 
d e c r e a s e  i n  n u c l e a r  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  and an 
i n c r e a s e  o f  a m i t o c h o n d r i a l  form o f  t h e  enzyme ( 8 3 ) .  T h is  
a c t i v i t y  a p p e a r s  t o  be d i s t i n c t  from t h e  m i t o c h o n d r i a l  form  
r e p o r t e d  by Kun e t  ^  (82)  i n  r a t  l i v e r .  F a r zen a h  & P e a r so n  
( 2 0 8 , 2 0 9 )  h a v e  shown t h e  A D P - r i b o s y l a t i o n  i n  i s o l a t e d  n u c l e i  
i n c r e a s e s  d u r i n g  t h e  em b r y o n ic  d e v e lo p m e n t  f o  Xenopus l a e v i s  
and t h e s e  two o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  a r o l e  f o r  
A D P - r i b o s y l a t i o n  i n  t h e  e a r l y  d e v e lo p m e n t  o f  t h i s  o r g a n ism .
Young & Sweeney (2 1 0 )  l o o k e d  a t  t h e  i n c o r p o r a t i o n  o f  
^H - a d e n o s i n e  i n t o  RNA and A D P - r i b o s y l a t e d  p r o t e i n s  i n  v i v o  
d u r in g  t h e  m a t u r a t i o n  o f  mouse o v a .  They fou nd  t h a t  7- 8̂ 
h o u rs  f o l l o w i n g  o v u l a t i o n  t h e  i n c o r p o r a t i o n  o f  a d e n o s i n e  was
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low w h ich  was c o r r e l a t e d  w i t h  a d e c r e a s e  in  t h e  f e r t i l i z a b i l i t y . 
The same a u t h o r s  h a v e  a l s o  i n v e s t i g a t e d  i n c o r p o r a t i o n  i n t o  
mouse o n e - c e l l  embryos and found  t h a t  p o l y ( A D P - r i b o s e )  in  
embryos h ad  b o t h  a d i f f e r e n t  c h a i n  l e n g t h  th a n  t h a t  found  
in  ova and a d i f f e r e n t  s e n s i t i v i t y  to w a rd s  h y d r o x y la m in e  
( 2 1 1 ) .  T h e s e  d a t a  a l s o  p o i n t  t o  an i n v o l v e m e n t  o f  ADP- 
r i b o s y l a t i o n  i n  d i f f e r e n t i a t i o n .  H a y a i s h i ’ s group have  a l s o  
s u g g e s t e d  A D P - r i b o s y l a t i o n  may be i n v o l v e d  i n  t h e  m a t u r a t i o n  
or  t r a n s f o r m a t i o n  o f  p e r i p h e r a l  g r a n u l o c y t e s  f o l l o w i n g  
im m u n o h i s t o c h e m ic a l  s t u d i e s  ( 7 0 ) .
Two gro u p s  h ave  s t u d i e d  t h e  e f f e c t  o f  i n d u c t i o n  o f  
F r ie n d  c e l l  d i f f e r e n t i a t i o n  on t h e  a c t i v i t y  o f  po ly (A D P-  
r i b o s e )  s y n t h e t a s e  a c t i v i t y  i n  i s o l a t e d  n u c l e i .  R a s t l  &
S w e t ly  (2 1 2 )  fou nd  t h a t  u s i n g  c e l l  l i n e  F4N, w h ic h  i s  s e n s i t i v e  
t o  b u t y r a t e - i n d u c e d  d i f f e r e n t i a t i o n  b u t  r e l a t i v e l y  i n s e n s i t i v e  
t o  h e x a m e t h y l e n e  b i s  a c e t a m id e  (HMBA) i n d u c t i o n ,  found  t h a t  
b o th  compounds c a u s e d  an i n c r e a s e  in  p o l y  ( A D P -r ib o se )  
s y n t h e t a s e  a c t i v i t y .  A s i m i l a r  i n c r e a s e  was n o t e d  i f  t h e  
c e l l s  w er e  a l l o w e d  t o  a c c u m u la te  i n  t h e  0% p h a se  o f  t h e  
c e l l  c y c l e  by e i t h e r  growth t o  h i g h  d e n s i t y  or  i s o l e u c i n e  
d e p r i v a t i o n .  I t  h a s  r e c e n t l y  shown t h a t  h i s  i n c r e a s e d  
A D P - r i b o s y l a t i o n  i s  a c o n s e q u e n c e  o f  h i s t o n e , r a t h e r  th a n  
n o n - h i s t o n e  p r o t e i n ,  m o d i f i c a t i o n  ( 2 1 3 ) .  M orioka et. ^
( 2 1 4 ) ,  u s i n g  c e l l  l i n e  7 4 5 ,  fou nd  t h a t  a d d i t i o n  o f  b u t y r a t e ,  
d i m e t h y l s u l p h o x i d e s  or  HMBA a l l  or  w h ic h  in d u c e d  e r y t h r o p o e t i c  
d i f f e r e n t i a t i o n ,  c a u s e d  a d e c r e a s e  in  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  a c t i v i t y ,  a l t h o u g h  a s l i g h t  t r a n s i e n t  i n c r e a s e  
w i t h  b u t y r a t e  was o b s e r v e d .  They a l s o  fo u n d  t h a t  n i c o t i n a m i d e .
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an i n h i b i t o r  o f  p o l y ( A D P r r i b o s e )  s y n t h e t a s e  a c t i v i t y  in  
v i t r o , i n d u c e d  d i f f e r e n t i a t i o n  i n  t h e s e  c e l l s  as had R a s t l  
& S w e t l y  ( 2 1 2 ) .  When c o - a d m i n i s t e r e d  w i t h  t h e  o t h e r  
compounds,  i t  was fou nd  t o  i n h i b i t  b u t y r a t e  i n d u c t i o n  but  
en h an ced  i n d u c t i o n  by DMSO and HMBA. The s i g n i f i c a n c e  o f  
t h i s  r e s u l t  w i l l  be  d i s c u s s e d  l a t e r .  Terada e t  aJ (215)  
have d e m o n s t r a t e d  t h a t  a v a r i e t y  o f  compounds w hich  a re  known 
t o  i n h i b i t  p o l y  ( A D P - r i b o s e ) s y n t h e t a s e  in  v i t r o  a l s o  in d u c e  
d i f f e r e n t i a t i o n  o f  F r ie n d  c e l l s .  The f i n d i n g  t h a t  N - m e t h y l -  
n i c o t i n a m i d e  was t h e  most  p o t e n t  i n d u c e r  t e s t e d  s u g g e s t  
t h a t  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  i s  n o t  
e s s e n t i a l .  With t h i s  e x c e p t i o n  h o w e v e r ,  t h e  a b i l i t y  t o  
in d u c e  d i f f e r e n t i a t i o n  showed a rough c o r r e l a t i o n  w i t h  t h e  
i n h i b i t o r y  p o t e n c y  o f  t h e  compounds t e s t e d .
F i n a l l y  i t  was shown t h a t  a d d i t i o n  o f  p o l y  (A D P -r ib o se )  
i t s e l f  t o  mouse m y e l o i d  l e u k a e m i c  c e l l s  i n d u c e d  d i f f e r e n t i a t i o n  
a l t h o u g h  t h e  s i g n i f i c a n c e  o f  t h i s  f i n d i n g  i s  u n c e r t a i n  
b e c a u s e  d e x t r a n  s u l p h a t e  o r  p o l y  v i n y l  s u l p h a t e  c a u s e d  a 
s i m i l a r  e f f e c t  and i t  i s  a l s o  q u e s t i o n a b l e  w h e th e r  po ly (A D P-  
r i b o s e )  w ou ld  c r o s s  t h e  membrane in  an i n t a c t  form ( 2 1 6 ) .
1 . 5 . 7  O th er  p o s s i b l e  f u n c t i o n s  o f  A D P - r i b o s y l a t i o n
In a d d i t i o n  t o  t h e  above s t a t e d  p o s t u l a t e d  r o l e s ,  t h r e e  
o t h e r  p o s s i b l e  f u n c t i o n s  h a v e  b e e n  s u g g e s t e d .
1 .  The o b e r v a t i o n  t h a t  n i c o t i n a m d e ,  5 - m e t h y l  n i c o t i n a m i d e ,  
t h y m i d i n e  and 3 - i s o b u t y l - l - m e t h y l x a n t h i n e  in d u c e  o r n i t h i n e  
d e c a r b o x y l a s e  (EC 4 . 1 . 1 . 1 7 )  h a s  prom pted Minaga e^  ^  (217)
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t o  s u g g e s t  A D P - r i b o s y l a t i o n  may be i n v o l v e d  i n  t h e  r e g u l a t i o n  
o f  t h i s  enzym e.  T h i s  i s  an i n t r i g u i n g  o b s e r v a t i o n  b e c a u s e  
t h e  p r o d u c t  o f  o r n i t h i n e  d e c a r b o x y l a s e ,  s p e r m i n e ,  has  
b een  shown t o  s t i m u l a t e  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  in  
i s o l a t e d  n u c l e i  ( s e e  s e c t i o n  i . 2 .4 )  . R e c e n t l y  B r e d e h o r s t  e^  
a l  (1 6 5 )  h a v e  shown an i n v e r s e  c o r r e l a t i o n  b e t w e e n  o r n i t h i n e  
d e c a r b o x y l a s e  and p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  as  
m easured  by t h e  p e r m e a b i l i z e d  c e l l  s y s t e m  d u r in g  t h e  
growth c y c l e  o f  E .A .T .  c e l l s .
2 .  S u z u k i  & Murachi  (2 1 8 )  h ave  shown t h a t  a n u c l e i c  a c i d ­
l i k e  i n h i b i t o r  c o - e x t r a c t s  w i t h  a c h r o m a t in - b o u n d  n e u t r a l  
p r o t e a s e  from r a t  p e r i t o n e a l  m a c r o p h a g e s .  They found t h a t  
i n h i b i t i o n  o f  p r o t e a s e  a c t i v i t y  c o u l d  be removed by
p r e - i n c u b a t i n g  t h e  d e - p r o t e i n i z e d  i n h i b i t o r  f r a c t i o n  w i t h  
a cru d e  p o l y ( A D P - r i b o s e )  g l y c o h y d r o l a s e  p r e p a r a t i o n  from 
r a t  l i v e r  b e f o r e  a d d i t i o n  t o  t h e  a s s a y  m i x t u r e .  DNase 1 ,
PI n u c l e a s e  and sn a k e  vanom p h o s p h o d i e s t a s e  had no e f f e c t .  
From t h i s  t h e y  s u g g e s t  t h a t  t h e  i n h i b i t o r  i s  s i m i l a r  b u t  
n o t  i d e n t i c a l  t o  p o l y  ( A D P - r i b o s e ) .  I t  was a l s o  shown 
t h a t  p o l y  ( A D P - r ib o s e )  w i t h  an a v e r a g e  c h a i n  l e n g t h  o f  30 
r e s i d u e s  was i n h i b i t o r y .
3. M a t in y a n  & U m an sk i i  ( 2 1 9 - 2 2 0 )  h a v e  shown t h a t  t h e  
’p o l y p e p t i d e  s y n t h e t a s e '  a c t i v i t y  o f  r a t  l i v e r  c h r o m a t in  
was e n h a n c e d  by p r e - i n c u b a t i o n  w i t h  NAD. T h is  enhancement  
was i n h i b i t e d  by t h e  p r e s e n c e  o f  n i c o t i n a m i d e  o r  t h y m i d i n e .
On s t o r a g e  o f  c h r o m a t in  f o r  20 h o u r s  a t  4 °C ,  a c o m p le te  
l o s s  o f  p o l y p e p t i d e  s y n t h e t a s e  a c t i v i t y  was o b s e r v e d .
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T h i s ,  h o w e v e r ,  c o u l d  be p r e v e n t e d  by t h e  p r e s e n c e  o f  c y c l i c  
3 ’ - 5 '  AMP, an i n h i b i t o r  o f  p o l y  ( A D P - r ib o s e )  g l y c o h y d r o l a s e .  
They s u g g e s t  t h a t  p o l y ( A D P - r i b o s e )  may s e r v e  as  an e n e r g y  
s o u r c e  f o r  a m i n o - a c i d  a c t i v a t i o n .
1 . 3 . 8  P o s s i b l e  m echanisms by w h ich  A D P - r i b o s y l a t i o n  may 
a f f e c t  c e l l u l a r  p r o c e s s e s .
L i s t e d  b e l o w  a r e  some o f  t h e  most  o b v i o u s  m echanisms  
by w hich  A D P - r i b o s y l a t i o n  may a f f e c t  c e l l u l a r  p r o c e s s e s .
1 .  M o d i f i c a t i o n  o f  an enzyme r e s u l t i n g  i n  i n h i b i t i o n  
as  p r o p o s e d  by M u l l e r  & Zahn (1 6 8 )  and Furneaux & 
P e a r s o n  (1 6 7 )  f o r  RNA p o l y m e r a s e  1 and by K o i d e ’ s 
group (5 4 )  f o r  a Ca%* Mg%* d e p e n d e n t  e n d o n u c l e a s e .
T h is  c o u l d  o c c u r  e i t h e r  by A D P - r i b o s y l a t i o n  a t  t h e  
a c t i v e  s i t e  o r  by a l t e r i n g  t h e  a f f i n i t y  f o r  DNA.
2 .  M o d i f i c a t i o n  o f  a enzyme r e s u l t i n g  i n  a change  o f  
s p e c i f i c i t y  su c h  as  o c c u r s  when E . c o l i  RNA 
p o l y m e r a s e  1 i s  A D P - r i b o s y l a t e d  d u r i n g  T4 i n f e c t i o n  
(1 ) .
3.  M o d i f i c a t i o n  o f  a r e g u l a t o r y  p r o t e i n  s u c h  as  A24 
( 4 5 ) .
4 .  To a c t  as  a s i g n a l  i n  r e s p o n s e  t o  a change  i n  t h e  
e n v ir o n m e n t  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e .  T h is  
h a s  b e e n  p o s t u l a t e d  t o  o c c u r  d u r i n g  DNA damage and  
may a c t  e i t h e r  d i r e c t l y  o r  by e x p o s u r e  t o  damaged
DNA t o  r e p a i r  en zy m e s .  T h is  i s  s u p p o r t e d  by S m u ls o n 's
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o b s e r v a t i o n  t h a t  p o l y ( A D P - r ib o s e )  s y n t h e t a s e  
a c t i v i t y  i s  p r i n c i p a l l y  a s s o c i a t e d  w i t h  e x t e n d e d  
c h r o m a t in  u n d e r g o in g  DNA r e p l i c a t i o n  o r  r e p a i r  and 
t h a t  A D P - r i b o s y l a t i o n  o f  h i s t o n e s  r e n d e r s  them  
more s u s c e p t i b l e  t o  n u c l e a s e  a t t a c k  ( 2 2 1 ) .  K o i d e ' s  
group (2 2 2 )  h ave  shown t h a t  h e a v i l y  m o d i f i e d  
h i s t o n e  HI h a s  l o w e r  a f f i n i t y  f o r  DNA t h a n  u n m o d i f i e d  
HI w h ic h  i s  a l s o  c o n s i s t e n t  w i t h  t h e  p o s s i b i l i t y  
t h a t  A D P - r i b o s y l a t i o n  e x p o s e s  DNA.
5.  A l t e r a t i o n  o f  c h r o m a t in  s t r u c t u r e .  T h is  c o u l d  
o c c u r  a t  two l e v e l s ,  e i t h e r  l o c a l i z e d  ( s e e  4) o r  
g r o s s  c h a n g e s  such  as  o c c u r  d u r i n g  c h r o m a t in  
c o n d e n s a t i o n  p r i o r  t o  m i t o s i s .  S m u ls o n ' s  group  
h ave  i n v e s t i g a t e d  t h e  e f f e c t  o f  c h r o m a t in  s t r u c t u r e s  
on t h e  a c t i v i t y  o f  p o l y  ( A D P - r ib o s e )  s y n t h e t a s e .
I t  was l o c a t e d  on t h e  i n t e r n u c l e o s m a l  DNA ( 1 7 1 ,
223)  and t h e  s p e c i f i c  a c t i v i t y  o f  t h e  enzyme 
i n c r e a s e d  w i t h  i n c r e a s i n g  n u c l e o s o m e  number up t o  
8 - 1 0  whereupon i t  d e c r e a s e d  and t h e n  l e v e l l e d  o f f  
( 2 2 1 , 2 2 4 , 2 2 5 ) .  They s u g g e s t  t h a t  t h e  enzyme i s  
l o c a t e d  on c h r o m a t in  a t  a p e r i o d i c i t y  o f  8 
n u c l e o s o m e s  o r  i n  t h e  m id d l e  o f  a 1 6 - n u c l e o s o m e s  
s t r u c t u r e  and t h i s  i s  c o n s i s t e n t  w i t h  t h e  number o f  
n u c l e o s o m e s  i n  t h e  t u r n  o f  t h e  s o l e n o i d  p r o p o s e d  
by F in c h  & Klug ( 2 2 6 ) .  The m ajor  a c c e p t o r  i n  suc h  
s t r u c t u r e s  i s  a p r o t e i n  w i t h  a m o l e c u l a r  w e i g h t  
o f  1 1 0 , 0 0 0 .  In 8N p o l y n u c l e o s o m e s  t h i s  a c c o u n t s  
f o r  90% o f  t h e  m o d i f i c a t i o n  o b s e r v e d  b u t  t h i s
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d e c r e a s e s  w i t h  n u c le o s o m e  number in  s t r u c t u r e s  o f  
l o w e r  c o m p l e x i t y  ( 2 2 5 ) .  T h is  p r o t e i n  h a s  b een  
shown t o  c o - p u r i f y  w i t h  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
and i t  h a s  a s i m i l a r  m o l e c u l a r  w e i g h t  s u g g e s t i n g  
t h a t  t h e  enzyme i s  u n d e r g o in g  s e l f  m o d i f i c a t i o n  
( 1 1 5 , 2 2 7 ) .  A D P - r i b o s y l a t i o n  o f  h i s t o n e s  a l s o  
i n c r e a s e s  w i t h  i n c r e a s i n g  n u c le o so m e  number. In 
m o n o - ,  d i -  o r  t r i n u c l e o s o m e  s t r u c t u r e s ,  t h e  
p r i n c i p a l  a c c e p t o r s  a re  HMG p r o t e i n s  and p r o t e i n s  
Ml and M4 w h e re a s  i n  n u c l e i  t h e  major  a c c e p t o r s  are  
HI and H2B ( 2 2 1 ) .
In v i e w  o f  t h e  r o l e  o f  HI in  t h e  m a in t e n a n c e  o f  
h i g h e r  o r d e r e d  c h r o m a t in  s t r u c t u r e s  ( 2 2 6 ,  2 2 8 -2 3 0 )  
t h e  d i s c o v e r y  o f  t h e  f o r m a t io n  o f  a com plex  o f  
2 H I,  m o l e c u l e s  j o i n e d  by p o l y ( A D P - r i b o s e ) by 
K i d w e l l ' s  group (4 9 )  p r e s e n t s  i n t r i g u i n g  p o s s i b i l i t i e s  
i n  t h a t  such  a s t r u c t u r e  may l i n k  2 HI m o l e c u l e s  on 
n o n - a d j a c e n t  l i n k e r  r e g i o n s  o f  DNA. The a f f i n i t y  
o f  t h e  co m p lex  f o r  DNA i s  t h e  same as t h a t  f o r  DNA 
w h ic h  i s  c o n s i s t e n t  w i t h  a c r o s s - l i n k i n g  r o l e  
( 1 4 1 ) .  The i n c r e a s e d  s y n t h e s i s  o f  t h e  com plex  upon 
c h r o m a t in  c o n d e n s a t i o n  by p o ly a m in e s  (2 3 1 )  and 
i n  p o l y  n u c l e o s o m e s  h a v i n g  8 o r  16 n u c l e o s o m e s  (50)  
i s  a l s o  c o n s i s t e n t  w i t h  th e  a b o v e .  The t r a n s i e n t  
n a t u r e  o f  t h i s  m o d i f i c a t i o n  i s  i n f e r r e d  from t h e  
i n v e r s e  c o r r e l a t i o n  w i t h  p o l y ( A D P - r i b o s e )  g l y c o h y d r o l a s e  
a c t i v i t y  (52 )  and t h e  low l e v e l s  o f  p o l y  (A D P -r ib o se )  
i n  v i v o  ( 6 8 ) .  U n t i l ,  h o w e v e r ,  t h e  f o r m a t i o n  o f  t h e
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HI c o m p le x  i s  d e m o n s t r a t e d  i n  v i v o , t h e  above  
m echanism  must  rem ain  a s p e c u l a t i o n .
6 .  In a d d i t i o n  t o  t h e  mechanisms o u t l i n e d  a b o v e ,  a t  
l e a s t  one o t h e r  p o s s i b i l i t y  rem ain s  nam ely  t h e  
p r o t e c t i o n  o f  p r o t e i n  from p r o t e o l y t i c  a t t a c k  and 
t h i s  w i l l  be  d i s c u s s e d  i n  s e c t i o n  ^.4*.
1 . 4  R a t i o n a l e  f o r  t h e  p r e s e n t  work
As can be s e e n  from t h e  p r e v i o u s  s e c t i o n ,  a l a r g e  
number o f  c o n t r a d i c t o r y  r e s u l t s  have  b e e n  o b t a i n e d  r e g a r d i n g  
t h e  i n v o l v e m e n t  o f  A D P - r i b o s y l a t i o n  i n  t h e  v a r i o u s  p h y s i o ­
l o g i c a l  p r o c e s s e s  i n v e s t i g a t e d .  T h is  c o u l d  be due t o  a 
number o f  r e a s o n s .  F i r s t l y ,  t h e r e  i s  a p rob lem  i n  t h e  
c o r r e l a t i o n  o f  s p e c i f i c  a c t i v i t y  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  o b t a i n e d  i n  v i t r o  w i t h  r a t e s  o f  A D P - r i b o s y l a t i o n  
in  v i v o . The a c t i v i t y  o f  t h e  enzyme i n  v i t r o  i s  dependant  
on a number o f  f a c t o r s  s u c h  as  amount o f  enzyme p r e s e n t ,  
e x t e n t  o f  damage done t o  DNA and t h e  number o f  a v a i l a b l e  
p r o t e i n  a c c e p t o r s  p r e s e n t .  An i n c r e a s e  i n  t h e  a c t i v i t y  o f  
p o l y  ( A D P - r ib o s e )  s y n t h e t a s e  c o u l d  r e s u l t  from ch a n g e s  i n  any 
o f  t h e s e  p a r a m e t e r s .  The p e r m e a b i l i z e d  c e l l  t e c h n i q u e  has  
b een  r e p o r t e d  t o  more c l o s e l y  r e f l e c t  t h e  s i t u a t i o n  i n  v i v o  
( 1 2 3 , 1 2 5 ) .  T h is  d o es  n o t ,  h o w e v e r ,  r u l e  out  c h a n g e s  in  
t h e  s t a t e  o f  t h e  p r o t e i n  a c c e p t o r s .  I n d e e d ,  H i l z ’ s group  
have  shown t h a t  an i n c r e a s e  i n  i n t r i n s i c  a c t i v i t y  d u r in g  
t h e  grow th  c y c l e  o f  E .A .T .  i s  a s s o c i a t e d  w i t h  h i g h e r  l e v e l s  
o f  mono A D P -r ib o s e  i n  v i v o  w h ereas  i n  CLL c e l l s  w h ich  p o s s e s s  
t h e  same i n t r i n s i c  a c t i v i t i e s  as  norm al  ly m p h o c y te s  have
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l o w er  l e v e l s  o f  mono A D P -r ib o s e  i n  v i v o . Tanuma e^  ^
(164)  h a v e  shown t h a t  t r e a t m e n t  o f  c e l l s  w i t h  i n h i b i t o r s  
o f  t h e  enzyme g i v e s  r i s e  t o  an i n c r e a s e  in  t h e  s p e c i f i c  
a c t i v i t y  o f  t h e  enzyme in  i s o l a t e d  n u c l e i .  Thus ,  u n l i k e  
o t h e r  " c o n v e n t i o n a l "  e n z y m e s ,  t h e  a s s a y  o f  t h e  enzyme i s  
c o m p l i c a t e d  by t h e  p r e s e n c e  o f  one o f  i t s  s u b s t r a t e s  
i . e .  u n m o d i f i e d  p r o t i e n ,  some o f  i t s  p r o d u c t s  ( A D P - r i b o s y l a t e d  
p r o t e i n )  and a v a r i a b l e  a c t i v a t o r  n a m ely  DNA i n  v a r i o u s  
s t a t e s  o f  damage.
A n o th e r  a p p ro a ch  w h ich  h a s  b e e n  u s e d  i s  t h e  measurement  
o f  t o t a l  mono o r  p o l y ( A D P - r i b o s e )  l e v e l s  i n  v i v o . The 
major p r o b le m  h e r e  i s  t h e  v e r y  low l e v e l s  o b s e r v e d  in  v i v o  
th us  making s t u d y  o f  i n d i v i d u a l  p r o t e i n s  i m p r a c t i c a l .  A 
f u r t h e r  c o m p l i c a t i o n  i s  t h a t  i f  A D P - r i b o s y l a t i o n  perform s  
two or  more f u n c t i o n s  as seems l i k e l y  t h e n ,  ch a n g e s  i n  t h e  
A D P - r i b o s y l a t i o n  o f  a s i n g l e  p r o t e i n  o r  s m a l l  c l a s s  o f  
p r o t e i n  may n o t  be  d e t e c t e d .
The m ost  f r u i t f u l  l o n g  term  a p p ro a ch  must s u r e l y  be  
t h e  i d e n t i f i c a t i o n  o f  t h e  p r o t e i n s  w h ic h  A D P - r i b o s y l a t e d  
in  t h e  c e l l s  f o l l o w e d  by e l u c i d a t i o n  o f  t h e i r  b i o l o g i c a l  
r o l e .  T h i s  w o u ld  i n v o l v e  d e v e lo p m e n t  o f  i s o l a t i o n  p r o c e d u r e s  
under n o n - d e n a t u r i n g  c o n d i t i o n s  and i s  c l e a r l y  a mamoth 
t a s k .
The f i n a l  ap p ro a ch  u s e d  h a s  b e e n  t h e  t r e a t m e n t  o f  
c e l l s  w i t h  i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  w i t h  
s u b s e q u e n t  e x a m i n a t i o n  o f  c e l l u l a r  d y s f u n c t i o n .  The major  
problem  e n c o u n t e r e d  i s  t h e  l a c k  o f  p h y s i o l o g i c a l  s p e c i f i c i t y
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o f  i n h i b i t o r s  u s e d  t o  d a t e .  The i n h i b i t o r s  a v a i l a b l e  f o r  
in  v i v o  s t u d i e s  are  r e s t r i c t e d  t o  n i c o t i n a m i d e  and 
5 - m e t h y l n i c o t i n a m i d e , t h y m i d i n e  and i t s  a n a l o g u e s  and t h e  
m e t h y l a t e d  x a n t h i n e s .  A l l  o f  t h e s e  compounds a f f e c t  c e l l u l a r  
p r o c e s s e s  o t h e r  t h a n  A D P - r i b o s y l a t i o n .  N i c o t i n a m i d e s  a c t  
as s u b s t r a t e s  f o r  NMN p y r o p h o s p h o r y l a s e  and may d e p l e t e  
t h e  c e l l u l a r  p h o s p h o r i b o s y l  p y r o p h o s p h a t e  p o o l  as  s u g g e s t e d  
by H i l z  ( 2 3 2 ) .  Thym idine  i s  known t o  i n h i b i t  DNA s y n t h e s i s  
by d e p l e t i o n  o f  t h e  dCTP p o o l  ( 2 3 3 ) .  M e t h y l a t e d  x a n t h i n e s  
a f f e c t  c y c l i c  AMP p h o s p h o d i e s t e r a s e  ( 9 ) .  A l l  t h r e e  groups  
o f  compounds h ave  a l s o  b e e n  shown t o  i n h i b i t  t h e  NAD 
g l y c o h y d r o l a s e  a c t i v i t y  i n  r a b b i t  r e t i c u l o c y t e s  ( 2 3 4 , 2 3 5 )  
and more r e c e n t l y  5 - m e t h l n i c o t i n a m i d e  and t h e o p h y l l i n e  has  
been  found  t o  i n h i b i t  NAD g l y c o h y d r o l a s e  i n  LS1210 c e l l s  
( 2 3 6 ) .  S h a l l ' s  group h a v e  a t t e m p t e d  t o  c i r c u m v e n t  t h e  
problem  o f  t h e  l a c k  o f  s p e c i f i c i t y  o f  t h e s e  i n h i b i t o r s  by  
show ing  t h a t  a l l  t h r e e  groups  o f  i n h i b i t o r s  i n h i b i t  DNA 
r e p a i r  ( 1 7 9 ) .  T h i s ,  h o w e v e r ,  i s  a l s o  d a n g er o u s  b e c a u s e  
c a f f e i n e ,  a m e t h y l a t e d  x a n t h i n e ,  i n h i b i t s  DNA by a d i f f e r e n t  
mechanism t h a n  t h e  o t h e r  i n h i b i t o r s  ( 1 9 3 ) .
I t  was f o r  t h e s e  r e a s o n s  t h a t  t h e  p r e s e n t  work o f  
s y n t h e s i z i n g  and s c r e e n i n g  new i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  was u n d e r t a k e n .  The f o l l o w i n g  s e c t i o n s  d e s c r i b e  
t h e  s y n t h e s i s  o f  s u c h  compounds,  t h e i r  p o t e n c y  o f  i n h i b i t i o n  
o f  p o l y ( A D P - r i b o s e )  s y n t h e s i s  i n  v i t r o , a l i m i t e d  s t u d y  o f  
t h e i r  p h y s i o l o g i c a l  s p e c i f i c i t y  and t h e  e f f e c t  on LS1210  
c e l l s .
SECTION 2
ORGANI C S Y N T H E S E S
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2 . 1 .  P i c  a t  i  q n  o f  3 -  am i j i  ojqe n_z a]ii i d  e
C o m m e r c i a l  3 - a m i n o b e n z a m i d e  w a s  o b t a i n e d  f r o m  P l i i k a  L t d .  
I t  w a s  a  p u r p l i s h  p o w d e r  w i t h  a  m e l t i n g  p o i n t  o f  1 0 1 - 4 ^ C .  P u r e
3 - a m i n o b e n z a m i d e  i s  k n o w n  t o  b e  e i t h e r  y e l l o w  n e e d l e s  w i t h  a
m e l t i n g  p o i n t  o f  8 0 ^ C  w h e n  r e c r y s t a l l i z e d  f r o m  w a t e r  o r  
c o l o u r l e s s  n e e d l e s  w i t h  a m e l t i n g  p o i n t  o f  1 1 4 ^ C  w h e n  r e ­
c r y s t a l l i z e d  f r o m  a b s o l u t e  e t h a n o l  ( 2 3 7 ) .  I n  a n  a t t e m p t  t o  
p u r i f y  t h e  c o m m e r c i a l  3 - a m i n o b e n z a m i d e ,  r e c r y s t a l l i z a t i o n  
f r o m  w a t e r  w a s  a t t e m p t e d .  T h i s  g a v e  a  p i n k i s h  p u r p l e  p r o d u c t
w i t h  a  m e l t i n g  p o i n t  o f  1 0 6 ° C .
R c c r y s t a l 1 i z a t i o n  w a s  a t t e m p t e d  f r o m  v a r i o u s  o r g a n i c  
s o l v e n t s  s u c h  a s  m e t h a i i o l ,  e t l i a n o l  , a c e t o n e  a n d  d i c t h y l e t h e r .  
T l i e  c l e a n e s t  p r o d u c t  w a s  o b t a i n e d  b y  e x t r a c t i o n  o f  t h e  
CO! Miie r c i  a l  p r e p a r a t i o n  w i t h  a i d ' i y d i o u s  b e n z e n e  a s  f o l l o w s : -  
2 0 - 2 5 g  o f  f i n e l y  p o w d e r e d  3 am i n o b e n  z a m i d e  w a s  p l a c e d  i n  a  
G F / C  t h i m b l e  ( W h a t m a n ) .  T l i i s  w a s  c o n t i n u o u s l y  e x t r a c t e d  
w i t h  b o i l i n g  b e n z e n e  ( 2 0 0 m l )  i n  a  S o x h l e t  e x t r a c t o r .  A f t e r  
a  t i m e ,  t h e  s o l v e n t  i n  t h e  l o w e r  v e s s e l  t u r n e d  y e l l o w  a n d  
e v e n t u a l l y  s o l i d  a p p e a r e d .  A f t e r  1 - 2  h o u r s  t h e  b e n z e n e  w a s  
a l l o w e d  t o  c o o l  a n d  t h e  s o l i d  c o l l e c t e d  b y  f i l t r a t i o n .  T h e  
f i l t r a t e  w a s  t h e n  r e u s e d  f o r  a  f u r t h e r  2 h o u r s  e x t r a c t i o n  
a n d  a g a i n  t h e  s o l i d  w a s  c o l l e c t e d  b y  f i l t r a t i o n .  T l i e  
c o m b i n e d  p r o d u c t  w a s  d r i e d  u n d e r  v a c u u m  o v e r n i g h t .  T h e  
p r o d u c t  w' as  y e l l o w i s h  o r a n g e  w i t h  a  m e l t i n g  p o i n t  o f  1 0 6 ° C .
T h e  l o w  y i e l d  ( 1 0 - 2 0 % )  o f  p r o d u c t  m a d e  t l i i s  p r o c e s s  a n  
e x t r e m e l y  t i m e - c o n s u m i n g  a n d  e x p e n s i v e  o n e .  An  a t t e m p t  w a s  
t h e r e f o r e  m a d e  t o  s y n t h e s i z e  3 - a m i n o b e n z a m i d e .
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2 . 2 .  S j n t h c  s i  _o £_ 3 - a m i n o b e n  z ajni _de
T h i s  w a s  a c h i e v e d  i n  t w o  s t e p s  u s i n g  3 - n i t r o b e n z o y 1 
c h l o r i d e  ( A l d r i c h )  a s  s t a r t i n g  m a t e r i a l .  T h e  a c i d  c h l o r i d e  
w a s  c o n v e r t e d  t o  t h e  a m i d e  ( 2 3 8 )  a n d  t h e n  t h e  n i t r o  g r o u p  
w a s  r e d u c e d .






( a )  3 - n i t r o b e n z a m i d e
5 g  o f  ai^'i. i i ionium a c e t a t e  ( Hl ) H,  a n a l a r )  w a s  s u s p e n d e d  i n  
7 0 : n l  d r y  a c e t o n e  ( d r i e d  o v e r  a m l i y d r o u s  s o d i u m  s u l p h a t e )  a n d  
5 g  o f  f i n e l y  p o w d e r e d  3 - n  i t  r o b . c n z o y  1 c h l o r i d e  w a s  a d d e d  i n  
s m a l l  p o r t i o n s .  T h e  m i x t u r e  i was  l e f t  s t i r r i n g  f o r  1 h o u r  
a t  r o o m  t e m p e r a t u r e  a f t e r  w h i c h  t i m e  t h e  p r e c i p i t a t e d  
a m m o n i u m  c h l o r i d e  w a s  r e m o v e d  b y  f i l t r a t i o n .  T h e  f i l t r a t e  
w a s  t h e n  e v a p o r a t e d  t o  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e .  T h e  
s o l i d  w a s  d i s s o l v e d  i n  a  m i n i m u m  q u a n t i t y  o f  b o i l i n g  w a t e r ,  
d e c o l o u r i z e d  w i t h  a c t i v a t e d  c h a r c o a l  a n d  t h e  3 - n i t r o b e n z a m i d e  
c r y s t a l l i z e d  o u t  u p o n  c o o l i n g .  T h e  p r o d u c t  w a s  c r e a m y  w h i t e  
n e e d l e s  w i t h  a  m e l t i n g  p o i n t  o f  1 4 3 ° C .  T h e  y i e l d  w a s  7 4 %.
A s m a l l  p o r t i o n  o f  t h e  s a m p l e  w a s  a p p l i e d  t o  a  PE 1 -  c e  1 l u l o s e  
t . l . c .  s h e e t  a n d  d e v e l o p e d  i n  n - b u t a n o l ;  m e t h a n o l ;  w a t e r ;  
a m m o n i a  ( 6 0 ; 2 0 ; 2 0 ; 1 ;  b y  v o l ) . A f t e r  r u n n i n g  t o  a p p r o x i ­
m a t e l y  1 0 c m  a b o v e  t h e  o r i g i n ,  t h e  p l a t e  w a s  d r i e d  a n d  t h e
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p r o d u c t s  v i s u a l i z e d  u n d e r  u . v .  l i g h t .  A l l  t h e  u . v .  
a b s o r b i n g  m a t e r i a l  w a s  a t  t h e  s o l v e n t  f r o n t ;  n o n e  c o u l d  b e  
d e t e c t e d  w i t h  a n  R f  o f  0 . 6  w h i c h  i s  t h e  p o s i t i o n  a t  w h i c h  
3 - n i t r o b e n z o i c  a c i d  m i g r a t e s .
( b )  R e d u c t i o n  o f  3 - n i t r o b e n z a m i d e
5 g  3 - n i t r o b e n z a m i d e  w a s  d i s s o l v e d  i n  2 0 0  ml  o f  a b s o l u t e  
e t h a n o l  a n d  t h e  s o l u t i o n  w a s  p l a c e d  i n  a  p e a r - s h a p e d  f l a s k .  
2 0 0 m g  o f  1 0 % ( w / w )  p a l l a d i u m  o n  c h a r c o a l  w a s  a d d e d  a n d  t h e  
m i x t u r e  s t i r r e d .  H y d r o g e n  g a s  w a s  s l o w l y  b u b b l e d  t h r o u g h  
t h e  s u s p e n s i o n  ( t d i i s  s t e p  w a s  c a r r i e d  o u t  i n  a  f u m e  
c u p b o a r d ) .  A t  v a r i o u s  i n t e r v a l s ,  a  s m a l l  a l i q u o t  w a s  
r e m o v e d ,  a p p l i e d  t o  a  2 c m  x  2 c m  p i e c e  o f  P I : 1 - c e  11  u l  o s e  a n d  
d r i e d .  Tl i e  c o m p l e t i o n  o f  t h e r e a c t i o n  wuîs s i g n i f i e d  b y  t h e  
c o n v e r s i o n  o f  t h e  m a t e r i a l  f r o m  u . v .  a b s o r b i n g  t o  a  b r i g h t  
b l u e  f l u o r e s c e n t  s p o t  w h e n  v i s u a l i z e d  u n d e r  u . v .  l i g h t .
A l i e n  c o m p l e t e ,  t h e  r e a c t i o n  m i x t u r e  i v a s  f i l t e r e d  t o  r e m o v e  
t h e  c a t a l y s t  a n d  t h e  s o l v e n t  w a s  r e m o v e d  b y  d i s t i l l a t i o n  
u n d e r  r e d u c e d  p r e s s u r e .  T h e  p r o d u c t  wwas c r e a m y  w h i t e  a n d  
h a d  a  m e l t i n g  p o i n t  o f  l l O ^ C  ( 3 . 9 g , 95% y i e l d ) .
T h e  p u r i t y  o f  t h e  m a t e r i a l  w a s  m o n i t o r e d  b y  t . l . c .  o n  
PE I - c e l l u l o s e  u s i n g  t h e  b u t a n o l  s y s t e m  ( s e e  a b o v e ) .  T h e  
p l a t e  w a s  d r i e d  a n d  v i s u a l i z e d  u n d e r  u . v .  l i g h t .  A s i n g l e  
b r i g h t  b l u e  f l u o r e s c e n t  s p o t  w i t h  a n  R f  o f  0 . 5 4  i x a s  o b s e r v e d  
N o  u . v .  a b s o r b i n g  m a t e r i a l  i v a s  o b s e r v e d  ( i e  n i t r o b e n z a m i d e )  . 
N o  f l u o r e s c e n t  m a t e r i a l  w i t h  a n  R f  o f  Q . 4 5 ( i e  3 - a m i n o b e n z o i c  
a c i d )  w a s  o b s e r v e d .
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A s p e c t r u m  o f  t h e  m a t e r i a l  d i s s o l v e d  i n  e t l i a n o l  w a s  
o b t a i n e d  a n d  t h i s  i s  s h o w n  i n  F i g .  2 .  T h e  c h a r a c t e r i s t i c s  
a r e  a p e a k  a t  3 1 1 n m  ( l o g  e = 3 . 2 6 )  a n d  a  l a r g e  p e a k  a t  2 1 8 n m  
( l o g  e = 4 . 3 4 )  w i t h  a  s h o u l d e r  a t  2 4 0 n m  ( l o g  e = 3 . 8 5 ) .
T h i s  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  v a l u e s  q u o t e d  i n  t h e  CRC 
H a n d b o o k  o f  S p e c t r o s c o p y ,  n a m e l y  a  p e a k  a t  3 1 0 n m  
( l o g  E = 3 . 3 )  a n d  a s h o u l d e r  a t  2 4 0 n m  ( l o g  e = 3 . 8 ) .
A s u m m a r y  o f  t h e  a n a l y t i c a l  d a t a  f o r  t h e  v a r i o u s  
3 - a m i n o b e n z a m i d e  p r e p a r a t i o n s  i s  g i v e n  i n  T a b l e  2 .
2 . 3 .  li e s  i s  o f  3 - b  r o m  q b  e z a m i  d e
3 - Br  Q) . : obcn z a m i  d e  w a s  s y n t h e s i z e d  u s i n g  a  s i m i l a r  m e t h o d  





5 g  o f  3 - b r o m o b e n z o y 1 c h l o r i d e  ( K o c h - L i g h t  L a b . )  w a s  
a d d e d  d r o p w i s e  t o  a  s t i r r e d  s u s p e n s i o n  o f  5 g  a m m ô n i u m  
a c e t a t e  i n  7 0 m l  d r y  a c e t o n e .  A f t e r  1 h o u r ,  t h e  m i x t u r e  i v a s  
f i l t e r e d  a n d  t h e  s o l v e n t  w a s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e .  
T h e  s o l i d  w a s  r e c r y s t a l l i z e d  f r o m  b o i l i n g  w a t e r  a n d  t h e  f i n a l  
p r o d u c t  w a s  o b t a i n e d  a s  s i l k y  w h i t e  n e e d l e s  ( 3 . 7 4 g )  w i t h  a  
m e l t i n g  p o i n t  o f  1 5 4 - 6 ° C  ( 1 5 5 ° C  f r o m  CRC H a n d b o o k  o f  P h y s i c s  










3 9 0 4 5 03 3 02 7 0210
w a v e l e n g t h  ( n m )
F i g u r e  2 U . V .  s p e c t r u m  o f  1 6 y M  3 - a m i n o b e n z a m i d e
T a b ^  ^  An a l y  t i  c a 1 d e t a i l s  f o r  v a r i o u s
3_- am i n  o b  e n  z a m i  d e  p r e p a r a t i o n s  .
S o u r c e A p p e a r a n c e M.  P t . U . V . S p e  c t r ;
F l u k a p u r p l e ] Q 1 - 4 ° C -
R e c r y s t a l l i z e d  
f r o m  b e n z e n e y e l l o w 1 0 6 ° C -
S y n t h e s  i  z e d c r e a m 1 1 0 ° C p e a k
s h .
3 1  I n m  
2 4 0 n m
L i t e  r a t u r e y e l l o w
c o l o u r l e s s
8 0 ° C
1 1 4 ° C
p e a k  
s h .
3 1 0 n m  
2 4 0 n m
-  58  -
2 . 4 .  S j ' I l t j i c s i s _ o_f_ 5 - h y d r o x y b e n  z a m i d e
I n  v i e w  o f  t h e  l o w  y i e l d  o f  3 - h y d r o x y b e n z a m i d e  o b t a i n e d  
b y  t i i e  a m m o n i o l y s i s  o f  3 - h y d r o x y b e n z o i c  a c i d  e t h y l  e s t e r  
( 2 3 9 ) ,  a n  a t t e m p t  w a s  m a d e  t o  s y n t l i e s i  z e  3 - h y d r o x y b e n z a m i d e  
b y  t h e  l i m i t e d  h y d r o l y s i s  o f  3 - h y d r o x y b e n z o n i t r i l e  u s i n g  
s l i g h t l y  a l k a l i n e  h y d r o g e n  p e r o x i d e .  T h i s  w a s  f i r s t  u s e d  b y  
R a d z i s z e w s k i  i n  1 8 8 5  ( 2 4 0 ) .
I t  h a s  s i n c e  b e e n  u s e d  f o r  t h e  p r e p a r a t i o n  o f  v a r i o u s  
a r o m a t i c  a m i d e s  ( 2 4 1 , 2 4 2 )  a n d ,  i n  o n e  r e p o r t ,  i t  w a s  u s e d  t o  
s y n t h e s i z e  3 - h y d r o x y b e n z a m i d e  a l t h o u g h  n o  p r a c t i c a l  d e t a i l s  





I n  o r d e r  t o  f o l l o w  t h e  r e a c t i o n ,  a  m e t h o d  w a s  
d e v e l o p e d  t o  d e t e c t  t h e  v a r i o u s  r e a c t i o n  p r o d u c t s  a f t e r  
r e s o l u t i o n  b y  t . l . c .  W h e n  3 - h y d r o x y b e n z o i c  a c i d  o r  
3 - h y d r o x y b e n z o n i t r i l e  w e r e  a p p l i e d  t o  a  t . l . c .  p l a t e  a n d  
v i e w e d  u n d e r  u . v .  l i g h t ,  n o  s p o t s  c o u l d  b e  o b s e r v e d .  
3 - h y d r o x y b e n z o i c  a c i d  ( 2 4 4 - 2 4 6 )  a n d  3 - h y d r o x y b e n z a m i d e  
( 2 4 6 )  h a v e  b e e n  v i s u a l i z e d  a f t e r  p a p e r  c h r o m a t o g r a p h y  b y  
s p r a y i n g  w i t h  d i a z o t i z e d  a r o m a t i c  a m i n e s .  3 - h y d r o x y b e n z o i c  
a c i d ,  h o w e v e r ,  i s  k n o w n  t o  b e  f l u o r e s c e n t  a t  h i g h  p H ( 2 4 7 ) .  
I t  w a s  f o u n d  t h a t  b o t h  3 - h y d r o x y b e n z o i c  a c i d  a n d  3 - h y d r o x y ­
b e n z o n i t r i l e  g a v e  f l u o r e s c e n t  s p o t s ,  w h i c h  f a d e d  a f t e r  a  
t i m e ,  o n  e x p o s u r e  t o  a m m o n i a  v a p o u r .
-  5 9 -
T h e  m e t h o d  u s e d  w a s  a s  f o l l o w s
5 g  3 - h y d r o x y b e n z o n i t r i l e  ( 3 - c y a n o p h e n o l , A l d r i c h )  w a s  
s u s p e n d e d  i n  4 5 m l  w a t e r  a n d  4M Na OH w a s  a d d e d  u n t i l  t h e  pH  
w a s  a p p r o x i m a t e l y  8 . 5 .  T h e  s u s p e n s i o n  w a s  w a r m e d  t o  5 0 ° C  
a n d  1 0 m l  1 0 0  v o l  h y d r o g e n  p e r o x i d e  w a s  a d d e d .  A f t e r  
9 0  m i n u t e s ,  t h e  m i x t u r e  w a s  a d j u s t e d  t o  p H 6 w i t h  h y d r o ­
c h l o r i c  a c i d  a n d  t h e n  l y o p h i l i z e d .  T l i e  s o l i d  w a s  e x t r a c t e d  
w i t h  5 0 m l  c h l o r o f o r m  t o  r e m o v e  u n r e a c t e d  3 - h y d r o x y b e n z o ­
n i t r i l e  a n d  t h e n  t h e  h y d r o x y b e n z a m i d e  w a s  e x t r a c t e d  w i t h  
t w o  5 0 m l  p o r t i o n s  o f  d i e t h y l e t h e r . A f t e r  r e m o v a l  o f  t h e  
e t h e r  b y  r o t a r y  e v a p o r a t i o n  t h e  s o l i d  w a s  r e c r y s t a l l i z e d  
f r o m  b o i l i n g  w a t e r .  T h e  y i e l d  o f  f i n e  w h i t e  c r y s t a l s  
[ ) : e l  t i n g  p o i n t  1 6 5 ^ 0  c o m p a r e d  t o  169*^0  ( 2 5 1 ) ]  w a s  2 . 1 9 g  
( 3 8 %).  Vdi cn a n a l y s e d  b y  t . l . c .  i n  t l i e  b u t a n o l  s y s t e m  t h e  
p r o d u c t  g a v e  a  s i n g l e  b l u e  f l u o r e s c e n t  s p o t  w i t h  a n  R f  o f  
0 . 8 1 .  T h e  n i t r i l e  r a n  w i t h  t h e  s o l v e n t  f r o n t  a n d  t h e  a c i d  
h a d  a n  R f  o f  0 . 4 6 .
T h e  u . v .  s p e c t r a  o f  t h e  f i n a l  p r o d u c t  i n  e t h a n o l  i s  
s h o w n  i n  F i g .  3 .  T h e  m a j o r  c h a r a c t e r i s t i c s  a r e  i n  a g r e e m e n t  
w i t h  t h o s e  p r e v i o u s l y  r e p o r t e d ,  i e  a  s h o u l d e r  a t  2 3 0 n m  a n d  a  









1 . 0 -
2 8 0 3 2 0200 2 4 0
w a v e l e n g t h  ( n m )
F i g u r e  3 U . V .  s p e c t r u m  o f  l OOy M 3 - h y d r o x y b e n z a m i d e
6 0  -
2 . 5 .  S y n  t l i c s j  s  o f  5 - a c e t y  1 ami  n o b c n z a i n i d e
CO.MHi
+ (CHj.coĴ o
 ̂ \  CO.MHi
WHa
+ CHrCO.OH
N H . C O . C H ,
O . S g  3 -  a m : n o b e n z a m i d e  ( S e c t i o n  2 . 2 )  w a s  d i s s o l v e d  i n  
1 5 m l  a c e t o n e  a n d  5 m l  a c e t i c  a n h y d r i d e  w a s  a d d e d .  A f t e r  
a b o u t  3 0  s e c o n d s ,  a  d e n s e  w h i t e  p r e c i p i t a t e  a p p e a r e d .  T h e  
r e a c t i o n  i v a s  a l l o w e d  t o  c o n t i n u e  f o r  a b o u t  1 0  m i n u t e s .
T h e  p r e c i p i t a t e  w^as c o l l e c t e d  b y  f i l t r a t i o n ,  w a s h e d  t w i c e  
w i t h  a c e t o n e  a n d  r e c r y s t a l l i z e d  f r o m  w a t e r .  3 - a c e t y l a m i n o -  
b e n z a m i d e  w a s  o b t a i n e d  a s  i o n g  w d : i t e  n e e d l e s  w i t h  a  m e l t i n g  
p o i n t  o f  2 1 4 - 2 1 7 ^ 0  ( 2 1 6 ^ C ,  R e f .  2 4 2 ) .  l \ l i e n  a  s m a l l  s a m p l e  
w a s  e x a m i n e d  u n d e r  u . v .  l i g i i t  n o  f l u o r e s c e n c e  c o u l d  b e  
d e t e c t e d  i n d i c a t i n g  t h e  a b s e n c e  o f  f r e e  3 - a m i n o b e n z a m i d e .  
T h e  f i n a l  y i e l d  w a s  0 , 5 8 g ( 8 4 % ) ;
2 . 6 .  S y n t h e s i s  o f  3 - s u c c i n y l a m i n o b e n z a m i d e
CO. NH,
+ CHi-C o
C H , - C
CO.NHi
NH.CO.CHa.CHj.COOH
1 . 3 6 g  3 - a m i n o b e n z a m i d e  ( S e c t i o n  2 . 5 )  w a s  d i s s o l v e d  i n  
1 0 m l  d r y  p y r i d i n e  a n d  t o  t h i s  w a s  a d d e d  l . l g  s u c c i n i c  
a n h y d r i d e .  A f t e r  1 2  h o u r s  a t  r o o m  t e m p e r a t u r e ,  1 0 m l  o f  
w a t e r  w a s  a d d e d  a n d  t h e  m i x t u r e  l e f t  f o r  a  f u r t h e r  h o u r .  
T h e  s o l v e n t  i was  r e m o v e d  b y  r o t a r y  e v a p o r a t i o n  a n d  t h e n
-  61  -
l Oi n l  o f  w a t e r  w a s  a d d e d  w h i c h  w a s  a l s o  r e m o v e d  b y  e v a p o r a  
t i o n .  T l i e  f i n a l  p r o d u c t  w a s  r e c r y s t a l l i z e d  f r o m  w a t e r  a s  
s m a l l  w h i t e  n e e d l e s  w i t h  a  m e l t i n g  p o i n t  o f  1 9 9 - 2 0 1 ° C  
( 2 0 3 - 2 0 5 ° C ,  R e f .  2 4 2 ) .
2 . 7 .  S y n t h e s i s  o f  5 - n i t r o b c n z a m i d o m e t h a n e
CO CI




9 . 2 5 g  o f  p o w d e r e d  3 - n i t r o b e n z o y l  c h l o r i d e  ( A l d r i c h )  
w a s  a d d e d  g r a d u a l l y  t o  2 5 m l  o f  a  33% ( w / v )  s o l u t i o n  o f  
]'ie t h y  1 a mi  n e  i n  m e t h a n o l  ( BDH)  . A f t e r  s t i r r i n g  f o r  1 h o u r ,  
t l i e  s o l v e n t  a n d  e x c e s s  me  t h y  1 a m i n e  w e r e  r e m o v e d  u n d e r  
r e d u c e d  p r e s s u r e .  T h e  s o l i d  r e s i d u e  w a s  e x t r a c t e d  o n c e  
w i t h  5 0 m l  d i e t h y l  e t h e r  t o  r e m o v e  3 - n i t r o b e n z o i c  a c i d  a n d  
i t s  m e t h y l  e s t e r .  T h e  r e m a i n i n g  s o l i d  r e c r y s t a l l i z e d  f r o m  
b o i l i n g  w a t e r .  T h e  p r o d u c t  ( 4 . 9 g ,  54% y i e l d )  c r y s t a l l i z e d  
a s  f i n e  y e l l o w  n e e d l e s  w i t h  a  m e l t i n g  p o i n t  o f  1 7 2 - 3 ° C  
( 1 7 4 ° C  f r o m  B e l s t e i n ) . A f t e r  c h r o m a t o g r a p h y  o n  P E I -  
c e l l u l o s e  i n  t h e  b u t a n o l  s y s t e m ,  a  l a r g e  d a r k  s p o t  w a s  
o b s e r v e d  a t  t h e  s o l v e n t  f r o n t  w i t h  a  f a i n t  t r a c e  m i g r a t i n g  
a s  3 - n i t r o b e n z o i c  a c i d  ( R f  = 0 . 6 2 )  w h e n  t h e  d r i e d  
c h r o m a t o g r a m  w a s  v i e w e d  u n d e r  u . v .  l i g h t .
-  6 2 -




C O .  N H . C H ^ . C H j
+ cH3.cHi.NH3 a
Npi
1 . 8 5 g  o f  3 - n i t r o b c n z o y l c h l o r i d e  w a s  d i s s o l v e d  i n  2 5 m l  
d r y  c h l o r o f o r m  a n d  t h e  s o l u t i o n  p l a c e d  o n  i c e .  2 . 6 m l  o f  
a n h y d r o u s  e t h y l a m i n e  w a s  a d d e d  s l o w l y  w i t h  f r e q u e n t  
s w i r l i n g .  T h e  r e a c t i o n  w a s  a l l o w e d  t o  p r o c e e d  f o r  3 0  
m i n u t e s .  T h e  s o l v e n t  a n d  e x c e s s  e t h y l a m i n e  w e r e  b l o w n  o f f  
u n d e r  a  s t r e a m  o f  d r y  a i r .  1 0 m l  o f  w a t e r  w a s  a d d e d  a n d  t h e  
j i i i x t u r e  w a s  s t i r r e d  v i g o u r o u s l y  f o r  1 0  m i n u t e s .  T h e  y e l l o w  
s o l i d  w a s  c o l l e c t e d  b y  f i l t r a t i o n  a n d  w a s h e d  w i t h  c o l d  w a t e r  
T h e  p r o d u c t  w a s  r e c r y s t a l l i z e d  f r o m  h o t  w a t e r  a n d  s e p a r a t e d  
o u t  a s  1 o j i g  y e l l o w  i i e e d l e s  w i t h  a  m e l t i n g  p o i n t  o f  1 1 1 ° C .
T h e  y i e l d  w a s  4 2 %.  T . l . c .  a n a l y s i s  r e v e a l e d  a  l a r g e  s p o t  
a t  t h e  s o l v e n t  f r o n t  w i t h  a  t r a c e  o f  3 - n i t r o b e n z o i c  a c i d .
2 . 9 .  S y n t h e s i s  o f  3 - a m i n o b e n z a m i d o m e t h a n e
c0.NH.CH3 
+ G [ H ]
CO.  N H . c H j
-+ 2H^O
NHj
0 . 5 g  3 - n i t r o b e n z a m i d o m e t h a n e  w a s  d i s s o l v e d  i n  5 0 m l  
a b s o l u t e  e t h a n o l  a n d  5 0 m g  10% p a l l a d i u m  o n  c h a r c o a l  w a s  
a d d e d .  H y d r o g e n  w a s  t h e n  b u b b l e d  t h r o u g h  t h e  m i x t u r e  a n d  
t h e  e x t e n t  o f  r e d u c t i o n  w a s  m o n i t o r e d  a s  d e s c r i b e d
-  6 3  -
p r e v i o u s l y  ( S e c t i o n  2 . 2 ) .  T h e  c a t a l y s t  w a s  r e m o v e d  b y  
f i l t r a t i o n  a n d  t h e  s o l v e n t  b y  r o t a r y  e v a p o r a t i o n .  T h e  
p r o d u c t  ( 9 4 % )  y i e l d  w a s  w h i t e  a n d  g a v e  a  s i n g l e  b l u e  
f l u o r e s c e n t  s p o t  a t  t h e  s o l v e n t  f r o n t  w h e n  a n a l y s e d  b y  
t . l . c .  T l i e  m e l t i n g  p o i n t  w a s  1 1 5 - 1 1 7 ^ C .
SECTION 3
SCREENING OF POTENTIAL INHIBITORS OF 
POLY(ADP-RIBOSE) SYNTHETASE
-  6 4  —
3 . 1 .  I n t r o d u c t i o n
The c r i t e r i a  f o r  t h e  u se  o f  a compound as a p h y s i o ­
l o g i c a l l y  s p e c i f i c  i n h i b i t o r  o f  an enzyme are as  f o l l o w s
(a)  th e  compound s h o u l d  be s o l u b l e  i n  w a t e r ;
(b) i t  s h o u l d  be a b l e  to  e n t e r  t h e  c e l l ;
(c )  i t  s h o u l d  n o t  be m e t a b o l i z e d  r a p i d l y ,  i f  a t  a l l ;
(d) t h e  compound s h o u l d  i n h i b i t  th e  t a r g e t  enzyme and 
s h o u l d ,  i d e a l l y ,  h ave  no e f f e c t  on o t h e r  c e l l u l a r  
p r o c e s s e s .
A l l  th e  p r e v i o u s l y  known i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  can be e x c l u d e d  on one o r  more o f  t h e s e  c o n d i t i o n s  
The main p ro b lem  w i t h  th e  n i c o t i n a m i d e s  i s  t h a t ,  b e c a u s e  th e y  
p o s s e s s  th e  p y r i d i n e  r i n g  n i t r o g e n  atom, t h e y  i n t e r f e r e  w i t h  
NAD s y n t h e s i s  ( s e e  S e c t i o n  4 . 3 ) .  Ben zam id e ,  w h ich  l a c k s  
the  p y r i d i n e  n i t r o g e n ,  w ou ld  th us  be e x p e c t e d  t o  have  l i t t l e  
or no e f f e c t .  As s t a t e d  p r e v i o u s l y ,  b en zam id e  h a s  b een  
r e p o r t e d  t o  be a good i n h i b i t o r  o f  p o l y ( A D P - r i b o s e )  s y n t h e ­
t a s e  a l t h o u g h  no d a t a  was g i v e n  ( 9 8 ) .  The major p ro b lem  
w ith  th e  u se  o f  b enzam ide  as  a p h y s i o l o g i c a l  i n h i b i t o r  i s  
i t s  v e r y  low s o l u b i l i t y  i n  w a t e r .  The most  u s e f u l  approach  
was t o  exam ine  b e n z a m id e s  w h ich  had b e e n  s u b s t i t u t e d  i n  t h e  
3 - p o s i t i o n  f o r  t h e i r  a b i l i t y  t o  i n h i b i t  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e .
For i n i t i a l  s c r e e n i n g ,  a 0.5M NaCl e x t r a c t  from p i g  
thymus n u c l e i  was u s e d  as  a s o u r c e  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  b e c a u s e  o f  i t s  h i g h  a c t i v i t y  and r e l a t i v e  
s t a b i l i t y .
-  65 -
3 . 2 .  Methods
3 . 2 . 1  I s o l a t i o n  o f  p i g  thymus n u c l e i  and e x t r a c t i o n  o f  
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  w i t h  0.5M NaCl
Thymii  o f  f r e s h l y  s l a u g h t e r e d  p i g s  were o b t a i n e d  from  
Bowyers L t d ,  T r o w b r id g e ,  W i l t s .  The c o n n e c t i v e  t i s s u e  was 
removed and t h e y  were  f r o z e n  a t  -20°C  u n t i l  u s e .
1 0 - 1 5 g  o f  f r o z e n  thymus was c u t  i n t o  t h i n  s l i c e s  and 
p l a c e d  i n t o  200ml 0 .32M s u c r o s e ;  3mM MgCl2 and 10ml 0.25M  
T r i s .  HCl pH 7 . 5  w h ich  had been  c o o l e d  t o  0 .4 ° C  ( a l l  
s u b s e q u e n t  s t e p s  w ere  p e r fo r m ed  a t  t h i s  t e m p e r a t u r e ) . This  
was h o m o g en ize d  in  a S o r v a l l  "Omnimixer" a t  s e t t i n g  2 f o r  
30 s e c o n d s  t h r e e  t i m e s ,  w i t h  30 s e c o n d s  be tw een  ea c h  b u r s t .  
The hom ogenate  was f i l t e r e d  th r o u g h  m u s l in  t o  remove  
c o n n e c t i v e  t i s s u e  and th en  c e n t r i f u g e d  a t  2 , 5 0 0  rpm f o r  
10 m in u te s  in  an MSE bench c e n t r i f u g e .  The p e l l e t  was r e ­
su sp en d ed  i n  75ml 2.2M s u c r o s e ;  3mM MgCl^ and 2 .5 m l  0.25M  
T r i s .  HCl pH 7 . 5 .  Th is  was c e n t r i f u g e d  a t  2 2 , 0 0 0  rpm f o r  
1 hour i n  a Beckman SW 2 7 . 1  r o t o r .  The p e l l e t  was t h e n  
g e n t l y  r e s u s p e n d e d  i n  20ml 0.5M NaCl;  O.IM m eth an o lam in e  
HCl pH 8 . 2 ;  lOmM MgCl2 ; 5mM DTT ( d i t h i o t h r e i t o i )  and l e f t  
on i c e  f o r  1 h o u r .  T h is  was t h e n  c e n t r i f u g e d  a t  5 0 , 0 0 0  rpm 
f o r  2 h o u r s  i n  a Beckman SW 5 0 . 1  r o t o r .  The s u p e r n a t a n t  
was removed and f r o z e n  i n  2ml a l i q u o t s  u n t i l  u s e .
-  6 6  -
3 . 2 . 2  P o l y ( A D P - r i b o s e )  s y n t h e t a s e  a s s a y
P o l y ( A D P - r i b o s e )  s y n t h e t a s e  was a s s a y e d  by th e  
i n c o r p o r a t i o n  o f  [^H-adel-NAD i n t o  a c i d - i n s o l u b l e  m a t e r i a l .  
The r e a c t i o n  m ix tu r e  c o n t a i n e d  lOOmM t r i e t h a n o l a m i n e  HCl 
pH 8 . 2 ;  lOmM MgCl2 ; 2mM DTT; 50yM [^H-adel-NAD  
(200yC i /m m ole)  i n  1 8 0 y l .  A f t e r  e q u i l i b r a t i o n  a t  26°C,
2 0 y l  o f  t h e  0.5M NaCl e x t r a c t  was added.  The a c i d - i n s o l u b l e  
r a d i o a c t i v i t y  was d e t e r m i n e d  by p l a c i n g  2 0 y l  o f  t h e  r e a c t i o n  
m ix tu r e  o n t o  a p a p er  f i l t e r  d i s c  (Whatman 3MM, 2 .4cm  d i a ­
m eter)  , w h ic h  had b een  p r e s o a k e d  in  20% (w/v)  TCA in  e t h e r  
and d r i e d .  The d i s c  was p l a c e d  i n t o  20% (w/v)  TCA ( i n  
w a te r )  and l e f t  on i c e  f o r  a t  l e a s t  30 m i n u t e s .  D i s c s  were  
th en  washed  b a t c h w i s e  f o u r  t im e s  in  20% TCA a l l o w i n g  
5 m in u te s  f o r  each  w ash .  A f t e r  an e t h a n o l  wash and a 
d i e t h y l  e t h e r  wash ( t o  remove th e  TCA), t h e  d i s c  was 
a l l o w e d  t o  dry  a t  room t e m p e r a t u r e .  The r a d i o a c t i v i t y  was 
d e te r m in e d  by s c i n t i l l a t i o n  c o u n t i n g  i n  2ml 0.5% (w /v )  PPO 
in  t o l u e n e .
3 . 2 . 3  E f f e c t  o f  3 -am in ob en zam id e  on t h e  s t a b i l i t y  o f  the  
A D P -r ib o s e  - p r o t e i n  l i n k a g e
A 1ml r e a c t i o n  m ix t u r e  was s e t  up and t h e  r e a c t i o n  was  
a l l o w e d  t o  p r o c e e d  f o r  5 m i n u t e s .  To t h i s  was added  
8M u r e a  t o  a f i n a l  c o n c e n t r a t i o n  o f  4M o r  u r e a  and
3 - a m i n o b e n z o i c  a c i d  t o  a f i n a l  c o n c e n t r a t i o n  o f  4M and 2mM 
r e s p e c t i v e l y .  A l i q u o t s  o f  t h e  m ix t u r e  were  th en  a n a l y s e d  
f o r  a c i d - i n s o l u b l e  r a d i o a c t i v i t y  a t  v a r i o u s  t i m e s .
-  6 7 -
3 . 3 .  R e s u l t s  and D i s c u s s i o n
3 . 3 . 1  A D P - r i b o s y l a t i o n  and th e  e f f e c t  o f  b en za m id es
F i g .  4 shows t h e  t im e  c o u r s e  o f  i n c o r p o r a t i o n  o f  
[3H]-NAD i n t o  a c i d - i n s o l u b l e  m a t e r i a l .  I t  r a p i d l y  l o s e s  
l i n e a r i t y  f o r  a number o f  r e a s o n s .  These  i n c l u d e  i n a c t i ­
v a t i o n  o f  t h e  enzyme (248)  , l a b i l i t y  o f  the  p r o t e in - A D P -  
r i b o s e  l i n k a g e ,  and d e g r a d a t i o n  o f  t h e  p r o d u c t  by po ly (A D P-  
r i b o s e )  g l y c o h y d r o l a s e  and p r o t e o l y s i s .  For s c r e e n i n g  
v a r i o u s  compounds,  a t im e  o f  5 m in u te s  was c h o s e n .  The Km 
f o r  NAD was d e t e r m i n e d  and found  t o  be 51yM ( F i g .  5 ) .  This  
was t h e  c o n c e n t r a t i o n  o f  NAD u s e d  i n  a l l  s u b s e q u e n t  
s y n t h e t a s e  a s s a y s  u n l e s s  o t h e r w i s e  s t a t e d .  Under t h e s e  
c o n d i t i o n s ,  th e  two most  commonly u s e d  i n h i b i t o r s  o f  
p o l y ( A D P - r i b o s e )  s y n t h e t a s e ,  n i c o t i n a m i d e  and t h y m i d i n e ,  
d e c r e a s e d  i n c o r p o r a t i o n  by 63% and 48% r e s p e c t i v e l y .  The 
o b s e r v a t i o n  o f  S h a l l  and c o - w o r k e r s  (98)  t h a t  benzam ide  was 
a good i n h i b i t o r  was c o n f i r m e d  (T a b le  3) . Terada ejt ^  
(215)  have  r e c e n t l y  r e p o r t e d  t h a t  benzam ide  was a more 
p o t e n t  i n h i b i t o r  than  n i c o t i n a m i d e  when u s i n g  a p a r t i a l l y  
p u r i f i e d  enzyme p r e p a r a t i o n  from c a l f  thymus and i s o l a t e d  
n u c l e i  from F r ie n d  c e l l s .
The e f f e c t  o f  s u b s t i t u t i o n  o f  t h e  b en ze n e  r i n g  was 
s t u d i e d  u s i n g  th e  t h r e e  i s o m e r s  o f  am in o b en za m id e . As can 
be s e e n  i n  T a b le  3 ,  3 -am in o b en za m id e  was much more p o t e n t  
than  e i t h e r  2 -a m in o b en za m id e  or  4 - a m in o b e n z a m id e . T h is  i s  
p r o b a b ly  due t o  s t e r i c  h i n d r a n c e  b e c a u s e  P r e i s s  ejt ^  (96)  
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m i n u t e s
F i g u r e  4 T h e  t i m e  c o u r s e  o f  i n c o r p o r a t i o n  o f  ^ H- NAD i n t o  
a c i d - i n s o l u b l e  m a t e r i a l  b y  a  p i g  t h y m u s  n u c l e a r  e x t r a c t .
1 / v
[ 1 / c pm  X 10
1005020
1/ENAD]' (1/mM) 
F i g u r e  5 Km d e t e r m i n a t i o n  f o r  NAD.
Table  3 The e f f e c t  o f  b en za m id es  on p o l y ( A D P - r i b o s e ) 
s y n t h e t a s e  from p i g  thymus
The f i g u r e s  i n  p a r e n t h e s e s  r e p r e s e n t  th e  
p e r c e n t a g e  i n h i b i t i o n .
A d d i t i o n  (50yM) I n c o r p o r a t i o n  o f  NAD 
i n t o  a c i d - i n s o l u b l e  
m a t e r i a l
(nmol/min/mg p r o t e i n )
Approx.  Ki 
(yM)





3 - A c e ty la m in o b e n z a m id e  
3-Bromobenzamide  
3-Hydroxybenzam ide  
3-M ethoxybenzam ide  
3 - N i t r o b e n z a m i de 
3 - S u c c in y l a m i n o b e n z a m i d e
2 . 4 0
0 . 0 9  (96)  
1 . 9 8  (17)  
0 . 2 3  (90)  
1 . 8 9  (21)  
0 . 0 6  (98)  
0 . 1 2  (95)  
0 . 0 9  (96)  
0 . 0 6  (98)  
0 . 6 7  (71)  
0 . 2 2  (91)
0 . 9 9  
120 
2 . 6  
94 
0 . 4 3  
1 . 4  
1 . 0  
0 . 6 1  
9 . 8  
2 .56
-  6 8 “
r i n g  s u b s t i t u t i o n  o f  n i c o t i n a m i d e  d r a s t i c a l l y  r e d u c e d  the  
i n h i b i t o r y  p o t e n c y  o f  such  a n a l o g u e s .  I t  i s  i n t e r e s t i n g  
t h a t  n i c o t i n a m i d e  and i t s  i s o m e r ,  p i c o l i n a m i d e , were  
e q u a l l y  good i n h i b i t o r s  o f  A D P - r i b o s y l a t i o n  in  p a n c r e a t i c  
n u c l e i  ( 2 4 9 ) .
The mode o f  i n h i b i t i o n  f o r  3 -am inobenzam ide  was  
d e t e r m in e d .  A l t h o u g h  t h e  d a t a  i s  d i s p l a y e d  as a L in e w e a v e r -  
Burke p l o t ,  Vmax and Km (app) v a l u e s  were d e t e r m in e d  u s i n g  
th e  d i r e c t  l i n e a r  p l o t  ( 2 5 0 ) .  F i g .  6 shows 3 -am inobenzam ide  
was a c o m p e t i t i v e  i n h i b i t o r  w i t h  a Ki o f  1.8yM.
A v a r i e t y  o f  o t h e r  b e n za m id es  w i t h  d i f f e r e n t  groups  
a t  the  3 p o s i t i o n  were  exam ined  t o  d e t e r m in e  i f  more pow er­
f u l  i n h i b i t o r s  c o u l d  be fo u n d .  T a b le  3 shows th e  r e s u l t s  
o b t a i n e d .  A l l  th e  b en za m id es  s u b s t i t u t e d  i n  th e  3 p o s i t i o n  
were more i n h i b i t o r y  th a n  e i t h e r  n i c o t i n a m i d e  or  t h y m i d i n e .
3 -m eth oxyb en zam id e  was found  t o  be a c o m p e t i t i v e  i n h i b i t o r  
w i t h  a Ki o f  1.2yM ( F i g .  7 ) .  Assuming a l l  th e  o t h e r  
i n h i b i t o r s  a r e  a l s o  c o m p e t i t i v e ,  t h e i r  Ki v a l u e s  can be  
e s t i m a t e d  by s u b s t i t u t i n g  r e a c t i o n  r a t e s  i n t o  t h e  f o l l o w i n g  
e q u a t io n
Ki = ^  . [ i ]
.  2 ( 1  -  ^ 3
where v i  = r a t e  in  p r e s e n c e  o f  i n h i b i t o r ,  v = r a t e  o f  
c o n t r o l  and [ i ]  = i n h i b i t o r  c o n c e n t r a t i o n .  These  v a l u e s  
are i n c l u d e d  i n  T a b le  3.
1 / v
( 1 / c p m  X  1 0  )
Too
1 / s  ( 1 / m M )
F i g u r e  6 K i  d e t e r m i n a t i o n  f o r  3 - a m i n o b e n z a m i d e .
•  , c o n t r o l ;  o ,  O . S ^ M  3AB ; m, l ^ M  3 A B ;  □,  2yvM 3 AB
1 / v  
( 1 / c p m  X 1 0
1005 0
1 / C N A D ]  ( 1 / m M )
F i g u r e  7 K i  d e t e r m i n a t i o n  f o r  3 - m e t h o x y b e n z a m i d e .
C o n c e n t r a t i o n  o f  3 - m e t h o x y b e n z a m i d e :  • ,  0  ;
I t ,  O . S ÿ u M ;  ▼, l y u M ;  a ,  2 y j M ;  □ ,  2 .  5yu M
-  6 9  -
The d i f f e r e n c e  in  th e  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  e l i c i t e d  by t h e  v a r i o u s  b e n z a m id e s  and n i c o t i n ­
amide i s  n o t  e a s i l y  u n d e r s t o o d .  O b v i o u s l y  t h e  s i z e  o f  the  
s u b s t i t u e n t  group i s  u n im p o r ta n t  b e c a u s e  3 - s u c c i n y l a m i n o -  
benzamide and 3 - a c e t y l a m i n o b e n z a m i d e  are  as good i f  n o t  
b e t t e r  i n h i b i t o r s  than 3 -a m in o b e n z a m id e .  S i m i l a r l y  
benzamide and n i c o t i n a m i d e  w o u ld  be e x p e c t e d  t o  be e q u a l l y  
good i n h i b i t o r s .
The b i n d i n g  o f  3 - s u b s t i t u t e d  b en za m id e  t o  th e  s u b s t r a t e  
s i t e  o f  h o r s e  l i v e r  a l c o h o l  d e h y d r o g e n a s e  h as  b een  r e p o r t e d  
to  be p r i m a r i l y  c o n t r o l l e d  by th e  e l e c t r o n  d e n s i t y  o f  th e  
c a r b o n y l  group ( 2 5 1 ) .  I f ,  h o w e v e r ,  t h e  i n h i b i t i o n  o f  
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  by b e n z a m id es  i s  compared w i t h  
the  Hammet c o n s t a n t  (a) o f  t h e  s u b s t i t u e n t  group (252)  , no 
o b v io u s  c o r r e l a t i o n  i s  a p p a r e n t  (T a b le  4 ) .  A l th o u g h  
3 - n i t r o b e n z a m i d e , th e  w o r s t  i n h i b i t o r  o f  t h e  b en z a m id e s  
t e s t e d ,  had a h i g h e r  a v a l u e  than a l l  t h e  o t h e r s ,  3 - a c e t y l -  
aminobenzamide h a s  a h i g h e r  a c o n s t a n t  t h a n  3 -am inobenzam ide  
and i s  a l s o  a b e t t e r  i n h i b i t o r .
The o v e r a l l  h y d r o p h o b i c i t y  o f  t h e  v a r i o u s  b en za m id es  
would e x p l a i n  t h e  g r e a t e r  i n h i b i t i o n  by 3 - a c e t y l a m i n o b e n z ­
amide compared t o  3 -a m in o b en za m id e  and a l s o  t h e  d i f f e r e n c e  
betw een  3 -m eth o x y b e n za m id e  and 3 - h y d r o x y b e n z a m i d e . Hydro-  
p h o b i c i t y  w o u ld  a l s o  e x p l a i n  why t h e  b e n z a m id e s  as a group  
are a l l  b e t t e r  i n h i b i t o r s  th a n  n i c o t i n a m i d e .  3 - n i t r o b e n z ­
amide,  h o w e v e r ,  i s  more h y d r o p h o b i c  than  e i t h e r  3 - a m in o b e n z ­
amide or  3 -h y d r o x y b e n z a m id e  as ju d g e d  by t h e i r  Rf v a l u e s
T a b le  4 Hammet c o n s t a n t s  and i n h i b i t o r y  p o t e n c y  
o f  b e n z a m id e s
Hammet c o n s t a n t s  are  from M cDaniel  & Brown (252)
Compound Approx.  Ki a v a l u e
( p M)
3 - A c e t y l a m i n o b e n z a m i d e  0 . 4 3  0 . 2 1
3 -M eth o x y b en za m id e  0 . 6 1  0 . 1 1 5
Benzamide 0 . 9 9  0
3 -H y d ro x y b en za m id e  1 . 0  0 . 1 2 1
3-Brom obenzamide 1 . 4  0 . 3 9 1
3-A m inobenzam ide  2 . 6  - 0 . 1 6
3 - N i t r o b e n z a m i d e  9 . 8  0 . 7 1 0
T a b l e  5 R f  v a l u e s  o f  3 - a m i n o b e n z a m i d e ,  3 - h y d r o x y b e n z a m i d e
a n d  3 - n i t r o b e n z a m i d e
S a m ples  w ere  a p p l i e d  t o  P E I - c e l l u l o s e  and 
c h ro m a to g r a p h e d  i n  n - b u t a n o l ;  m e t h a n o l ;  H^O; 
conc.NH^OH.
Rf
3 - N i t r o b e n z a m i d e  1 . 0
3-H ydroxybenzam ide  0 . 8 1
3-Aminobenzam ide 0 . 5 4
— 7 0  -
when ch rom a to g ra p h ed  on P E I - c e l l u l o s e  i n  b u t a n o l / m e t h a n o l /  
w ater /am m onia  (T a b le  5) and i s  a w o r se  i n h i b i t o r .  In v ie w  
o f  th e  much h i g h e r  Hammet c o n s t a n t  f o r  3 - n i t r o b e n z a m i d e  as  
compared t o  th e  o t h e r  b en z a m id e s  t e s t e d ,  t h e  g r e a t e r  p o l a r i t y  
o f  th e  c a r b o n y l  group r e s u l t i n g  from e l e c t r o n  w i t h d r a w a l  from 
t h e  amide group may d e s t a b i l i z e  t h e  i n h i b i t o r - e n z y m e  complex  
more than t h e  h y d r o p h o b i c i t y  o f  3 - n i t r o b e n z a m i d e  s t a b i l i z e s  
i t .  E l e c t r o n  w i t h d r a w a l  by th e  r i n g  n i t r o g e n  may a l s o  
c o n t r i b u t e  t o  t h e  lo w e r  i n h i b i t i o n  by n i c o t i n a m i d e .
The above d a t a  s u g g e s t  t h a t  t h e  b i n d i n g  o f  benzam ides  
t o  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  i s  c o n t r o l l e d  b o t h  by th e  
h y d r o p h o b i c i t y  o f  t h e  l i g a n d  and t h e  e l e c t r o n  d e n s i t y  o f  
th e  amide g ro u p .  In v i e w  o f  t h e  s t r u c t u r a l  s i m i l a r i t y  
betw een  b en za m id e  and n i c o t i n a m i d e  and t h e  c o m p e t i t i v e  
i n h i b i t i o n  o f  th e  enzyme by b e n z a m i d e s ,  i t  i s  t e m p t in g  to  
s u g g e s t  t h a t  t h e  b e n z a m id e s  are  b i n d i n g  t o  th e  n i c o t i n a m i d e  
p o r t i o n  o f  th e  NAD b i n d i n g  s i t e .  The p r e s e n c e  o f  a h y d r o -  
p h o b ic  r e g i o n  w ou ld  f a v o u r  t h e  r a p i d  d i s s o c i a t i o n  o f  
n i c o t i n a m i d e  a f t e r  c l e a v a g e  o f  t h e  N - g l y c o s i d i c  l i n k a g e .
Such a h y d r o p h o b ic  r e g i o n  c o u l d  a l s o  c o n t r i b u t e  t o  th e  
h y d r o l y s i s  o f  NAD by r e p e l l i n g  t h e  p o s i t i v e l y  ch a rg e d  
q u a t e r n a r y  n i t r o g e n  o f  NAD and t h u s  d i s t o r t i n g  th e  
N - g l y c o s i d i c  l i n k a g e .  The f i n d i n g s  t h a t  n i c o t i n a m i d e  
a n a lo g u e s  w i t h  a q u a t e r n a r y  n i t r o g e n  s u c h  as N ^ -m e t h y l -  
n i c o t i n a m i d e  ( 9 6 , 2 1 5 )  and NMN (96)  are  e x t r e m e l y  poor  
i n h i b i t o r s  o f  t h e  enzyme i s  c o n s i s t e n t  w i t h  su c h  a 
p o s s i b i l i t y .
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The p o s s i b l e  u s e  o f  b en za m id es  as a f f i n i t y  l i g a n d s  f o r  
p u r i f i c a t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  prompted a 
s e a r c h  f o r  means o f  i m m o b i l i z i n g  b e n z a m id es  w i t h  r e t e n t i o n  
o f  i n h i b i t i o n .  A l l  th e  b e n za m id es  c o u l d  be l i n k e d  th rou gh  
th e  amide group ( i e  X . . CO. NH. CH2 . ) .  Four su c h  compounds 
were t e s t e d  f o r  t h e i r  a b i l i t y  t o  i n h i b i t  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  and th e  r e s u l t s  a r e  shown i n  Tab le  6 .  None o f  
th e  compounds t e s t e d  i n h i b i t e d  t h e  enzyme.  Two c o r r e s p o n d in g  
n i c o t i n a m i d e  a n a l o g u e s ,  N ’ - e t h y l n i c o t i n a m i d e  (96)  and 
N*- m e t h y I n i c o t i n a m i d e  ( 2 1 5 ) ,  w ere  a l s o  found  t o  h ave  no 
e f f e c t  on A D P - r i b o s y l a t i o n .  C l e a r l y  t h i s  method o f  
i m m o b i l i z a t i o n  i s  u n s u i t a b l e  f o r  p r e p a r a t i o n  o f  an a f f i n i t y  
l i g a n d .  The a r o m a t i c  amine o f  3 -a m in ob en zam id e  i s  a 
r e a c t i v e  group  and c o u l d  be u s e d  f o r  i m m o b i l i z a t i o n  v i a  a 
s e c o n d a r y  a m in e ,  amide or  azo  l i n k a g e .  The s e c o n d  p o s s i ­
b i l i t y  v i z .  an amide l i n k a g e  i s  a p r o m i s i n g  one b e c a u s e  
3 - a c e t y l a m i n o b e n z a m i d e  and 3 - s u c c i n y l a m i n o b e n z a m i d e  are  b o th  
e x t r e m e ly  good  i n h i b i t o r s  ( T a b l e  3 ) .
On t h e  b a s i s  o f  th e  i n h i b i t i o n  e l i c i t e d  by t h e  v a r i o u s  
b e n z a m id e s ,  t h e  c h o i c e  o f  one  s u i t a b l e  f o r  u s e  as a probe  
f o r  th e  f u n c t i o n  o f  A D P - r i b o s y l a t i o n  iji  v i v o  i s  a d i f f i c u l t  
one .  On t h e  b a s i s  o f  t h e  d a t a  p r e s e n t e d  a b o v e ,  t h e  b e s t  
i n h i b i t o r s  a r e  th e  more h y d r o p h o b i c  and c o n s e q u e n t l y  l e s s  
s o l u b l e .  The s y n t h e s i s  o f  a more s o l u b l e  d e r i v a t i v e  o f  
3 - a c e t y l a m i n o b e n z a m i d e  i e  3 - [ h y d r o x y a c e t y l ] - a m i n o b e n z a m i d e  
was a t t e m p t e d  by two means.  The f i r s t  i n v o l v e d  th e  
c o n d e n s a t i o n  o f  g l y c o l l i c  a c i d  and 3 -a m in o b en za m id e  u s i n g  
d i c y c l o h e x y I c a r b o d i i m i d e . Problem s  w ere  e n c o u n t e r e d  w i t h
T a b l e  6 E f f e c t  o f  N ' - s u b s t i t u t e d  b e n z a m i d e s  on
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y
A d d i t i o n  (50yM)
I n c o r p o r a t i o n  o f  NAD i n t o  
a c i d - i n s o l u b l e  m a t e r i a l  
(nm ol/m in /m g p r o t e i n )
C o n tr o l
3 -Aminobenzamidomethane  
3 -N i tr o b e n z a m id o m e th a n e  
3 - N i t r o b e n z a m i d o e t h a n e
2 . 4 0
2 . 3 8
2 . 4 5
2 . 3 7
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th e  s i d e  r e a c t i o n s  p r o d u c e d  by t h e  p r e s e n c e  o f  th e  h i g h l y  
r e a c t i v e  a - h y d r o x y l  group o f  g l y c o l l i c  a c i d  and th e  i s o l a t i o n  
o f  th e  d e s i r e d  p r o d u c t .  T h i s  method was abandoned and th e  
s y n t h e s i s  was a t t e m p t e d  v i a  t h e  b r o m o a c e t y l  d e r i v a t i v e .  This  
method was a l s o  abandoned b e c a u s e  o f  t h e  c o m p l e x i t y  o f  the  
p r o d u c t s  from t h e  r e a c t i o n  b e t w e e n  b r o m o a c e t y l  c h l o r i d e  and 
3 -a m in o b e n z a m id e .
3 . 3 . 2  The e f f e c t  o f  a c e t o p h e n o n e s  on A D P - r i b o s y l a t i o n
3 - A c e t y l  p y r i d i n e ,  a c l o s e  a n a lo g u e  o f  n i c o t i n a m i d e ,  
has  been r e p o r t e d  t o  i n h i b i t  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
from r a t  l i v e r  (2 5 3 )  and c h i c k  embryo l imb buds (204)  
w hereas  t h e  enzymes from HeLa c e l l s  (96 )  , c a l f  thymus and 
F r ie n d  c e l l s  ( 2 1 5 )  appear  t o  be  i n s e n s i t i v e .  T a b le  7 shows  
t h a t  under  t h e  p r e s e n t  c o n d i t i o n s ,  no i n h i b i t i o n  o f  t h e  p i g  
thymus enzyme by 3 - a c e t y l  p y r i d i n e  was o b s e r v e d .  In  c o n t r a s t ,  
most  o f  t h e  a c e t o p h e n o n e s  w ere  good  i n h i b i t o r s  o f  ADP- 
r i b o s y l a t i o n .  The n a t u r e  o f  th e  s u b s t i t u e n t  group a f f e c t s  the  
i n h i b i t i o n  p r o d u c e d  by t h e  v a r i o u s  compounds.  A f a i r l y  
c l o s e  c o r r e l a t i o n  i s  s e e n  b e t w e e n  t h e  i n h i b i t i o n  by a 
p a r t i c u l a r  a c e t o p h e n o n e  and t h e  c o r r e s p o n d i n g  b e n z a m id e ;  
t h e  3 -m eth o x y  compounds are  t h e  b e s t  i n h i b i t o r s ,  t h e  3 - n i t r o  
compounds are  t h e  w o r s t  and t h e  3 -am ino  compounds a re  w orse  
than t h e  u n s u b s t i t u t e d  compounds.  In v i e w  o f  t h i s  c o r r e l a ­
t i o n ,  i t  i s  h i g h l y  p r o b a b l e  t h a t  t h e  b e n z a m id e s  and a c e t o ­
phenones  are  b i n d i n g  a t  t h e  same s i t e  on t h e  enzyme and 
s u g g e s t s  t h a t  t h e  p r e s e n c e  o f  t h e  amide n i t r o g e n  i s  n o t  
t h e r e f o r e  a p r e r e q u i s i t e  f o r  i n h i b i t i o n  o f  t h e  enzyme.
T a b l e  7 E f f e c t  o f  a c e t o p h e n o n e s  o n  p o l y ( A D P - r i b o s e )
s y n t h e t a s e  a c t i v i t y
The f i g u r e s  i n  p a r e n t h e s e s  are  th e  p e r c e n t a g e  
i n h i b i t i o n .
A d d i t i o n  (50yM)
I n c o r p o r a t i o n  o f  NAD i n t o  
a c i d - i n s o l u b l e  m a t e r i a l  
(nm ol /m in /m g p r o t e i n )
C o n tr o l
3 - A c e t y l p y r i d i n e  
A cetop h en on e  
3 -A m in o a ce to p h e n o n e  
3-B ro m o a ce to p h en o n e  
3 -H y d ro x y a c e to p h e n o n e
3 -M eth o x y a c e to p h e n o n e
3 - N i t r o a c e t o p h e n o n e  
P r o p io p h en o n e
a , a , a ,  T r i f l u o r o a c e t o p h e n o n e
2 . 6 3  
2 . 7 0  (0)  
1 . 6 8  (36)  
1 . 8 4  (30)  
1 .5 2  (42)  
1.  39 (47)  
1 . 1 5  (56)  
2 . 5 5  (3)  
2 . 4 7  (6)  
2 . 4 4  (7)
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T h e  l o w e r  i n h i b i t i o n  p r o d u c e d  b y  t h e  a c e t o p h e n o n e s  
c a n n o t  b e  e x p l a i n e d  b y  t h e i r  h y d r o p h o b i c i  t y  b e c a u s e  l l i e y  a r e  
l e s s  s o l u b l e  t d i a n  t h e  b e n z a m i d e s .  T h e  a c e t y l  g r o u p  d i f f e r s  
f r o m  t l i e  a m i d e  i n  t w o  m a j o r  a s p e c t s :  i t  i s  n o n - p l a n a r  a j i d  
n o n - p o l a r .  U s i n g  a c e t o p h e n o n e s ,  i t  i s  n o t  p o s s i b l e  t o  
d i s t i n g u i s h  w h i c h  o f  t h e s e  p r o p e r t i e s  i s  t h e  m o r e  i m p o r t a n t .  
T h e  l a c k  o f  i n h i b i t i o n  b y  p r o p i o p h e n o n e  a n d  a , a , a , - t r i f l u o r o  
a c e t o p h e n o n e  s u g g e s t s  t h a t  t h e  e n z y m e  h a s  a  r i g o r o u s  s t e r i c  
r e q u i r e m e n t  i n  t h e  c a r b o x a m i d e / c a r b o n y l  r e g i o n  o f  t h e  
b i n d i n g  s i t e .
3 . 3 . 3  T h e  e f f e c t  o : ^ ^ e n  zo j i  c  a c i d s  o n  AD P - r i b o s y l a t i o n
N i c o t i n i c  a c i d  h a s  n o t  b e e n  r e p o r t e d  t o  i n h i b i t  
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  f r o m  a n y  s o u r c e .  A n u m b e r  o f  
b e n z o i c  a c i d s  w e r e  s c r e e n e d .  U n l i k e  t h e  a c e t o p h e n o n e s  t h e  
b e n z o i c  a c i d s  a r e  b o t h  p l a n a r  a n d  v e r y  p o l a r .  A t  t h e  pH o f  
t h e  a s s a y  ( 8 . 2 ) ,  t h e y  a r e  i o n i z e d .  T h e  n e g a t i v e  c h a r g e  i s  
d e l o c a l i z e d .
T h e  r e s u l t s  o b t a i n e d  a r e  s h o w n  i n  T a b l e  8 .  W i t h  t h e  
e x c e p t i o n  o f  3 - a m i n o b e n z o i c  a c i d ,  n o n e  o f  t h e  b e n z o i c  a c i d s  
( n o r  n i c o t i n i c  a c i d )  a r e  i n h i b i t o r y  u n d e r  t h e  p r e s e n t  
c o n d i t i o n s .  T h e  p u r i t y  o f  t h e  c o m m e r c i a l  3 - a m i n o b e n  z o i c  
a c i d  u s e d  ( A l d r i c h  C h e m .  C o .  G o l d  L a b e l ,  99% p u r e )  w a s  
c h e c k e d  f o r  p o s s i b l e  c o n t a m i n a t i o n  b y  3 - a m i n o b e n z a m i d e .
T a b l e  8 T h e  e f f e c t  o f  b e n z o i c  a c i d s  o n  p o l y ( A D P - r i b o s e )
s y n t h e t a s e  a c t i v i t y
A d d i t i o n  (50yM)
I n c o r p o r a t i o n  o f  NAD i n t o  
a c i d - i n s o l u b l e  m a t e r i a l  
(nmol/min/mg p r o t e i n )
C o n t r o l 2 . 4 0
N i c o t i n i c  a c i d 2 . 4 3
2 - A m in o b e n z o ic  a c i d 2 . 5 9
3 - A m in o b e n z o ic  a c i d 2 . 1 6
4 - A m in o b e n z o ic  a c i d 2 . 4 7
3 - H y d r o x y b e n z o i c  a c i d 2 . 3 8
3 - N i t r o b e n z o i c  a c i d 2 . 4 5
— 7 4 —
W h e n  a n a l y s e d  b y  t . l . c .  n o  f l u o r e s c e n t  m a t e r i a l  m i g r a t e d  
w i t h  3 - a m i n o b e n z a m i d e .  I n  a d d i t i o n ,  a  p o r t i o n  o f  3 - a m i n o ­
b e n z o i c  a c i d  w a s  t r e a t e d  w i t h  6M h y d r o c h l o r i c  a c i d  f o r  
4 8  h o u r s  a t  r o o m  t e m p e r a t u r e  ( i m d c r  t h e s e  c o n d i t i o n s ,  3 - a m i n o  
b e n z a m i d e  w a s  c o m p l e t e l y  h y d r o l y s e d )  a n d  t e s t e d  f o r  i t s  
a b i l i t y  t o  i n h i b i t  t h e  e n z y m e ;  n o  d e c r e a s e  i n  i n h i b i t i o n  w a s  
o b s e r v e d .  T h u s  t h e  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t ­
a s e  i s  n o t  a n  a r t e f a c t .  D u r k a c z  e; t  ^  h a v e  r e c e n t l y  
r e p o r t e d  t h a t  3 - a m i n o b e n z o i c  a c i d  w a s  n o t  a n  i n h i b i t o r  o f  
A D P - r i b o s y l a t i o n  i n  p e r m e a b i l i z e d  L 1 2 1 0  c e l l s  ( 1 9 5 )  .
I t  h a s  b e e n  s h o w n  t h a t  3 - a m i n o b e n z o i c  a c i d  i n h i b i t s  
NAD g l y c o h y d r o l a s e  f r o m  p i g  s p l e e n  ( 2 5 4 )  a n d  t h e  s u g g e s t e d  
m e c h a n i s m  o f  i n h i b i t i o n  i s  d u e  t o  t h e  f o r m a t i o n  o f  a  c o m p l e x  
w i t h  t h e  n i c o t i n a m i d e  r i n g  o f  N A D .  S u c h  a  m e c h a n i s m  c a n n o t  
a c c o u n t  f o r  t h e  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
b y  3 - a m i n o b e n z o i c  a c i d  b e c a u s e  2 - a m i n o b e n z o i c  a c i d  a n d
4 - a m i n o b e n z o i c  a c i d  w e r e  e q u a l l y  p o t e n t  i n h i b i t o r s  o f  NAD  
g l y c o h y d r o l a s e  b u t  h a d  n o  e f f e c t  o n  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  a c t i v i t y  ( T a b l e  8 ) .
A s e c o n d  p o s s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  a m i n o  g r o u p  
m a y  b e  a c t i n g  a s  a  n u c l e o p h i l e  a n d  h y d r o l y s i n g  t h e  e s t e r  
l i n k a g e  b e t w e e n  A D P - r i b o s e  a n d  p r o t e i n .  T h i s  w o u l d  d e c r e a s e  
t h e  a c i d - i n s o l u b l e  r a d i o a c t i v i t y  a n d  t h u s  g i v e  a n  a p p a r e n t  
i n h i b i t i o n .  T h i s  w a s  i n v e s t i g a t e d  b y  a n a l y s i n g  t h e  e f f e c t  
o f  2mM 3 - a m i n o b e n z a m i d e  a c i d  o n  t h e  a c i d - i n s o l u b l e  r a d i o ­
a c t i v i t y  i n  a  r e a c t i o n  m i x t u r e  a f t e r  p r e - l a b e l l i n g  w i t h  
^ H - N A D  a n d  a d d i t i o n  o f  u r e a  t o  i n h i b i t  e n z y m e  a c t i v i t y .
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F i g u r e  8 s h o w s  5 - a i n i n o b e n z a î n i d e  a c i d  l i a s  n o  s i g n i f i c a n t  e f f e c t  
o n  t h e  s t a b i l i t y  o f  a c i d - p r e c i p i t a b l e  r a d i o a c t i v i t y  e v e n  a t  
a c o n c e n t r a t i o n  o f  2mM ( 4 0 - f o l d  g r e a t e r  t h a n  t h e  c o n c e n t r a ­
t i o n  u s e d  i n  t h e  a s s a y ) .  T h e  l a c k  o f  i n h i b i t i o n  b y  t h e  t w o  
i s o m e r s  o f  3 - a m i n o b e n z o i c  a c i d  w o u l d  a l s o  d i s c o u n t  t h i s  a s  
a p o s s i b l e  m e c h a n i s m .
A t  p r e s e n t ,  t h e  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t ­
a s e  b y  3 - a m i n o b e n z o i c  a c i d  c a n n o t  b e  e x p l a i n e d .  W i t h  t h i s  
e x c e p t i o n ,  h o w e v e r ,  t h e  r e s u l t s  p r e s e n t e d  s h o w  t h a t  b e n z o i c  
a c i d s  d o  n o t  i n h i b i t  t h e  e n z y m e .  T h e  m a j o r  d i f f e r e n c e s  
b e t w e e n  t h e  a m i d e s  a n d  t h e  a c i d s  a r e  t h e  l a c k  o f  t h e  a m i d e  
n i t r o g e n  a n d  t h e  i o n i z a t i o n  o f  t h e  a c i d  g r o u p s .  I n  v i e w  o f  
t h e  l o w e r  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  e l i c i t e d  
b y  3 - n i t r o b e n z a m i d e  a n d  n i c o t i n a m i d e  ( 3 . 3 . 1 ) ,  t h e  i o n i z e d  
c a r b o n y l  g r o u p  m a y  f a v o u r  d i s s o c i a t i o n  f r o m  t h e  b i n d i n g  s i t e .
3 . 3 . 4  T h e  e f f e c t  o f  o t h e r  c o m p o u n d s  o n  A D P - r i b o s y l a t i o n
F r o m  t h e  p r e v i o u s  s e c t i o n s ,  t h e  p r i m e  r e q u i r e m e n t  f o r  
i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  i s  a  c a r b o n y l  g r o u p  
a t t a c h e d  t o  a  p l a n a r  h y d r o p h o b i c  r i n g .  S u c h  c o m p o u n d s  a r e  
k n o w n  t o  a c t  a s  r a d i o s e n s i t i z e r s  i n  a n o x i c  c e l l s  ( 2 5 5 , 2 5 6 ) .
I n  v i e w  o f  t h e  p r o p o s e d  r o l e  o f  A D P - r i b o s y l a t i o n  i n  t h e  
r e p a i r  o f  DNA a f t e r  t r e a t m e n t  w i t h  DNA d a m a g i n g  a g e n t s  a n d  
p a r t i c u l a r l y  t h e  e n h a n c e m e n t  o f  c y t o t o x i c i t y  o f  s u c h  t r e a t ­
m e n t s  b y  i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e ,  t w o  
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m i n u t e s  a f t e r  a d d i t i o n
F i g u r e  8 E f f e c t  o f  3 - a m i n o b e n z a m i d e  o n  s t a b i l i t y  o f  
A D P - r i b o s e  -  p r o t e i n  l i n k a g e
s e e  M e t h o d s  f o r  e x p e r i m e n t a l  d e t a i l s
, 2mM 3 - a m i n o b e n z a m i d e ;  □ ,  4M u r e a ;  h , b o t h
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p o l y ( A D P - r i b o s e )  s y n t h e t a s e .  As can be  s e e n  from T a b le  9 ,
4 - n i t r o a c e t o p h e n o n e  had no e f f e c t  on enzyme a c t i v i t y .  
Menadione ( 2 - m e t h y I n a p h t h o q i n o n e )  i n h i b i t e d  th e  enzyme t o  a 
s i g n i f i c a n t  d e g r e e .  Adams (255)  h a s  s u g g e s t e d  t h a t  t h e s e  
compounds en h a n ce  th e  c y t o t o x i c i t y  o f  r a d i a t i o n  by t h e  
e l e c t r o n  a f f i n i c  p r o p e r t i e s  o f  th e  p h en on e  group ( i e  
C^H^-CO-). In  t h e  c a s e  o f  m en a d io n e ,  h o w e v e r ,  th e  e n h a n c e ­
ment o f  c y t o t o x i c i t y  may be m e d ia t e d  i n  p a r t  by i n h i b i t i o n  
o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e .
The m echanism o f  i n h i b i t i o n  by m en ad ion e  i s  u n l i k e l y  
t o  be th e  same as  t h a t  p ro d u ced  by b e n z a m id e s  b e c a u s e  o f  
th e  r i g i d  s t e r i c  r e q u i r e m e n t .  One p o s s i b l e  e x p l a n a t i o n  i s  
th e  f o r m a t i o n  o f  a com plex  b e tw e en  m en a d io n e  and th e  t h i o l  
g r o u p ( s )  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e .  I t  has  b een  shown 
t h a t  q u in o n e s  a re  i n h i b i t o r s  o f  SH c o n t a i n i n g  enzymes ( 2 5 7 ) .
Abakumov & Lukienko (258)  h a v e  shown t h a t  t r e a t m e n t  o f  
r a t s  w i t h  e i t h e r  P r o m e t h a z i n e ,  H y d r a l l a z i n e  or  Obsidan  
( F i g .  9) c a u s e d  an i n c r e a s e  i n  t h e  h e p a t i c  NAD c o n c e n t r a t i o n  
The p o s s i b i l i t y  t h a t  t h i s  i n c r e a s e  i s  due t o  d i r e c t  i n h i b i ­
t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  was i n v e s t i g a t e d .  Of 
the  two d ru gs  t e s t e d ,  o n l y  h y d r a l l a z i n e  had a s i g n i f i c a n t  
e f f e c t  ( F i g .  10) .
T a b l e  9 E f f e c t  o f  r a d i o s e n s i t i z e r s  on
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y
The f i g u r e s  i n  p a r e n t h e s e s  are  t h e  p e r c e n t a g e  
i n h i b i t i o n .
A d d i t i o n
I n c o r p o r a t i o n  o f  NAD i n t o  
a c i d - i n s o l u b l e  m a t e r i a l  
(nm ol /m in /m g p r o t e i n )
C o n tr o l 2 . 6 3
4 - N i t r o a c e t o p h e n o n e (50yM) 2 . 5 0 (5)
(2 50yM) 2 . 6 2 (0)
Menadione (50yM) 2 . 0 0 (24)
(250yM) 0 . 5 3 (80)
CHfCH-N^
CH.
P r o m e t h a z i n e
MH-NHi
H y d r a l l a z i n e OH
I
CHj
O b s i d a n
F i g u r e  9 T h e  s t r u c t u r e  o f  p r o m e t h a z i n e ,  
































m i n u t e s
F i g u r e  1 0  E f f e c t  o f  h y d r a l l a z i n e  a n d  p r o m e t h a z i n e  o n  t h e  
i n c o r p o r a t i o n  o f  ^ H - N A D  i n t o  a c i d - i n s o l u b l e  m a t e r i a l .
A s s a y s  w e r e  p e r f o r m e d  a s  d e s c r i b e d  i n  M e t h o d s  s e c t i o n
•  c o n t r o l
o l O O y M  p r o m e t h a z i n e  
A 2 5 y M  h y d r a l l a z i n e  
▼ 5 0 y M  
a  l O O y M
SECTION 4
THE EFFECT OF 3-AMINOBENZAMIDE 
ON L1210 CELLS
- 77 -
4 . 1 .  I n t r o d u c t i o n
3 - Aminobenzam ide  was c h o s e n  as a probe f o r  the  
b i o l o g i c a l  f u n c t i o n  o f  A D P - r i b o s y l a t i o n  f o r  s e v e r a l  
r e a s o n s .  I t  i s  th e  l e a s t  h y d r o p h o b ic  o f  th e  benzam ides  
t e s t e d .  I t  a l s o  has  th e  a d v a n ta g e  t h a t  i t  e x h i b i t s  f l u o r ­
e s c e n c e  when v i e w e d  under u . v .  l i g h t .  T h is  a l l o w s  s e m i -  
q u a n t i t a t i v e  s t u d i e s  on t h e  l e v e l  and m e ta b o l i s m  o f  
3-am in ob en zam id e  in  th e  c e l l .
I n i t i a l  s t u d i e s  w i t h  3 -am inobenzam ide  were p er fo rm ed  
on th e  s l i m e  m ould ,  Physarum p o l y c e p h a l u m , and t h e  human 
c e l l  l i n e ,  B u r k i t t ’ s lymphoma ( D a u d i ) . These l a t t e r  were  
abandoned as model  s y s t e m s  b e c a u s e  o f  problem s w i t h  a v a i l ­
a b i l i t y .  The f o l l o w i n g  s e c t i o n  d e s c r i b e s  th e  e f f e c t  o f  
3 -a m in ob en zam id e  on L1210 c e l l s ,  a murine l y m p h o c y t i c  
l e u k a em ia  c e l l  l i n e  ( 2 5 9 ) .  I n . v i e w  o f  th e  s t r u c t u r a l  
s i m i l a r i t y  b e t w e e n  3 -a m in ob en zam id e  and n i c o t i n a m i d e ,  the  
e f f e c t  o f  t h e  form er  on enzymes i n v o l v e d  i n  NAD m e ta b o l i s m  
was i n v e s t i g a t e d .  The s t a b i l i t y  i n  L1210 c e l l s  was s t u d i e d ,  
t o g e t h e r  w i t h  th e  e f f e c t  o f  3 -am inobenzam ide  on p a r a m e te r s  
such as th e  r a t e  o f  c e l l  p r o l i f e r a t i o n ,  th e  i n c o r p o r a t i o n  o f  
r a d i o a c t i v e  p r e c u r s o r s  i n t o  m a c r o m o le c u le s  and t h e  l e v e l  o f  
NAD i n  t h e  c e l l .
— 78  —
4 . 2 .  Methods
C e l l  c u l t u r e
L1210 c e l l s  w ere  o b t a i n e d  from Mrs D. E l l i s  ( U n i v e r s i t y  
o f  S u s s e x )  o r  from Flow L a b o r a t o r i e s  (G la sg o w ,  U . K . ) .  50ml 
s t o c k  c u l t u r e s  were m a i n t a i n e d  i n  RPMl 1640 medium s u p p l e ­
mented w i t h  10% h o r s e  serum, 2mM g l u t a m i n e  and 100 lU /m l  o f  
both  p e n i c i l l i n  and s t r e p t o m y c i n  a t  37°C under  5% CO2 i n  a i r .
S t o c k  c u l t u r e s  o f  50ml w ere  s u b c u l t u r e d  e v e r y  o t h e r  day 
by a d d i t i o n  o f  f r e s h  medium to  g i v e  a d e n s i t y  o f  1 x 10^ 
c e l l s / m l .  Under t h e s e  c o n d i t i o n s ,  t h e  mean g e n e r a t i o n  t im e  
was 1 2 -1 4  h o u r s .  The c e l l s  e n t e r e d  s t a t i o n a r y  p h a se  a t  
1 . 2 - 1 . 5  X  10^ c e l l s / m l .
C e l l  number was d e t e r m in e d  by p h a se  c o n t r a s t  m ic r o s c o p y  
u s i n g  an im proved  Neubauer  h a e m o c y to m e te r  and a t  l e a s t  s i x
s e p a r a t e  d e t e r m i n a t i o n s  w ere  p e r fo r m e d  on e a ch  sa m p le ;  th e
mean v a l u e  was th e n  t a k e n .
4 . 2 . 1  P o l y ( A D P - r i b o s e )  s y n t h e t a s e  a s s a y
A s sa y  1 ( I s o l a t e d  n u c l e i )
N u c l e i  were i s o l a t e d  by t h e  method o f  Takakusu ejl ^  
(260)  as f o l l o w s .  200ml o f  c e l l s  a t  a p p r o x i m a t e l y  5 x 1 0  ̂
c e l l s / m l  w ere  h a r v e s t e d  by c e n t r i f u g a t i o n  a t  1 , 5 0 0  rpm f o r
10 m in u t e s  i n  an MSE bench  c e n t r i f u g e  and washed  t w i c e  w i t h
10ml 0 .15M s u c r o s e ;  5mM CaCl2 ; 25mM T r i s .  HCl pH 7 . 5 .  The 
f i n a l  p e l l e t  was r e s u s p e n d e d  i n  5ml o f  th e  above s o l u t i o n .
An e q u a l  vo lume o f  t h e  above s o l u t i o n  c o n t a i n i n g  0.25% sodium
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d e o x y c h o l a t e  and 0.5% N o n i d e t  P40 was th en  added s l o w l y  and 
the  s u s p e n s i o n  was g e n t l y  shaken  f o r  5 m i n u t e s .  To t h i s  was 
added 50ml 0 .15M s u c r o s e ;  5mM CaCl2 ; 25mM T r i s .  HCl pH 7 .5  
and th e  n u c l e i  h a r v e s t e d  by c e n t r i f u g a t i o n  a t  1 , 5 0 0  rpm f o r  
15 m i n u t e s .  The r e s u l t i n g  n u c l e i  w ere  w ashed  once  i n  10ml 
0.25M s u c r o s e ;  5mM CaCl2 ; 25mM T r i s .  HCl pH 7 . 5 .  They were  
f i n a l l y  r e s u s p e n d e d  a t  1 x 10® n u c l e i / m l  i n  lOOmM T r i s .  HCl 
pH 8 . 3 ;  60mM KCl; lOmM CaCl2 ; 4mM NaF; 2mM DTT.
P o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  was a s s a y e d  as 
f o l l o w s .  4 8 0 y l  lOOmM T r i s .  HCl pH 8 . 3 ;  60mM KCl; lOmM MgCl2 ; 
4mM NaF; 2mM DTT; 10-250yM ®H-NAD ( s p .  a c t .  2 0 0 y C i /y m o le )  
was e q u i l i b r a t e d  a t  26°C f o r  5 m i n u t e s .  The r e a c t i o n  was 
s t a r t e d  by th e  a d d i t i o n  o f  2 x 10® n u c l e i  ( 2 0 y l ) . A f t e r  
5 m i n u t e s ,  2ml 20% (w /v )  TCA was added and th e  m ix t u r e  l e f t  
on i c e  f o r  a t  l e a s t  30 m i n u t e s .  The a c i d - i n s o l u b l e  m a t e r i a l  
was c o l l e c t e d  on Whatman GF/C f i l t e r s ,  w ashed  w i t h  5 x 5ml 
1% TCA and once  w i t h  10ml a b s o l u t e  e t h a n o l .  The f i l t e r s  were  
f r i e d  a t  lOO^C and t h e  r a d i o a c t i v i t y  d e t e r m i n e d  by l i q u i d  
s c i n t i l l a t i o n  c o u n t i n g  i n  0.5% (w /v )  PPO in  t o l u e n e .
A ssay  2 ( P e r m e a b i l i z e d  c e l l s )
L1210 c e l l s  w ere  p e r m e a b i l i z e d  by t h e  method o f  B e r g e r  
e t  a l  ( 1 2 4 , 1 2 5 )  e x c e p t  t h a t  s u c r o s e  was o m i t t e d  from th e  
p e r m e a b i l i z a t i o n  medium as recommended f o r  L1210 c e l l s  ( 2 6 1 ) .
C e l l s  a t  5 X  10®/ml w ere  h a r v e s t e d  by c e n t r i f u g a t i o n  
f o r  10 m in u t e s  a t  1 , 5 0 0  rpm a t  4°C. The c e l l s  w ere
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r e s u s p e n d e d  a t  2 x 10® c e l l s / m l  in  p e r m e a b i l i z a t i o n  b u f f e r  
(lOmM T r i s .  HCl pH 7 . 8 ;  ImM EDTA; 30mM 2 - m e r c a p t o e t h a n o l ;
4mM MgCl2 ) and l e f t  on i c e  f o r  15 m i n u t e s .  The c e l l s  were  
h a r v e s t e d  as b e f o r e  and r e s u s p e n d e d  i n  p e r m e a b i l i z a t i o n  
b u f f e r  a t  2 X 10^ c e l l s / m l .  Over 90% o f  th e  c e l l s  were  
r e n d e r e d  p e rm ea b le  t o  t r y p a n  b l u e  by t h i s  method.
P o l y ( A D P - r i b o s e )  s y n t h e t a s e  was a s s a y e d  by th e  a d d i t i o n  
o f  2 X  10® c e l l s  ( lOOyl)  t o  5 0 y l  120mM MgCl2 ; lOOmM T r i s .  HCl 
pH 7 . 8 ;  ImM or  3mM ®H-NAD ( 3 3 y C i / y m o l e )  which  had been  p r e ­
in c u b a t e d  a t  30°C. At v a r i o u s  t im e s  4 0 y l  a l i q u o t s  were  
removed and a p p l i e d  t o  f i l t e r  d i s c s  p r e s o a k e d  i n  20% TCA i n  
e t h e r  and d r i e d .  The p r o c e s s i n g  was i d e n t i c a l  t o  t h a t  
d e s c r i b e d  i n  S e c t i o n  3 . 2 . 2 .
4 . 2 . 2  NAD g l y c o h y d r o l a s e
C e l l s  a t  a d e n s i t y  o f  5 x 10® c e l l s / m l  w ere  h a r v e s t e d  
as d e s c r i b e d  p r e v i o u s l y .  They w ere  w ashed  w i t h  10ml 0.15M  
NaCl; 5mM EDTA; lOmM T r i s .  HCl pH 7 . 4  t w i c e .  The p e l l e t  was 
f i n a l l y  r e s u s p e n d e d  i n  5mM EDTA*10mM T r i s .  HCl pH 7 . 4  a t  
2 X  10^ c e l l s / m l  and l e f t  on i c e  f o r  10 m i n u t e s .  They were  
then  b r i e f l y  s o n i c a t e d  (10  s e c o n d s  i n  a " S o n i c l e a n e r "  
s o n i c a t i n g  w a t e r  b a t h ) . The s o n i c a t e  was u s e d  f o r  th e  a s s a y  
o f  NAD g l y c o h y d r o l a s e .
The a s s a y  c o n s i s t e d  on th e  a d d i t i o n  o f  lOOyl o f  t h e  
s o n i c a t e  ( t h e  e q u i v a l e n t  o f  2 x 10® c e l l s )  t o  5 0 y l  0.15M  
NaCl; 5mM EDTA; T r i s .  HCl pH 7 . 4 ;  1.5mM ( c a r b o n y l -^ ^ C )  NAD
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s  . a . 1 . 3 y C i / y m o l e  a t  3 7 ° C .  A t  v a r i o u s  t i m e s ,  3 0 y l  o f  t h e
r e a c t i o n  m i x t u r e  w a s  a d d e d  t o  3 0 y l  e t h a n o l  a n d  l e f t  o n  i c e .
lO yl  o f  t h e  s u s p e n s i o n  was a p p l i e d  t o  a PEI- c e l l u l o s e  
t . l . c .  p l a t e  i n  a 1cm s t r i p . 1 . 5 c m  above t h e  b o t to m  e d g e .  
N i c o t i n a m i d e  was added as  a m arker .  The t . l . c .  p l a t e  was 
d e v e lo p e d  i n  b u t a n o l ;  m e th a n o l ;  w a t e r ;  c o n c .  NH^OH 
( 6 0 : 2 0 : 2 0 : 1 )  u n t i l  t h e  s o l v e n t  f r o n t  was 5cm above t h e  
o r i g i n .  The p l a t e  was d r i e d  and t h e  p o s i t i o n  o f  n i c o t i n ­
amide was marked (Rf 0 . 6 6 ) .  A 1cm s t r i p  w hich  i n c l u d e d  the  
n i c o t i n a m i d e  s p o t  was c u t  o u t  t o g e t h e r  w i t h  a 1cm s t r i p  
from th e  o r i g i n  w h ic h  c o n t a i n e d  t h e  NAD s p o t s .  The r a d i o ­
a c t i v i t y  i n  ea c h  was d e t e r m i n e d  by s c i n t i l l a t i o n  c o u n t i n g  
in  4ml 0.5% PPO i n  t o l u e n e .  The amount o f  n i c o t i n a m i d e  
produced  was c a l c u l a t e d  from t h e  p e r c e n t a g e  o f  r a d i o a c t i v i t y  
in  th e  n i c o t i n a m i d e  s p o t  r e l a t i v e  t o  t h e  t o t a l  r a d i o a c t i v i t y  
in  bo th  s p o t s  a f t e r  b a ck grou n d  cpm had b een  s u b t r a c t e d .
For c h a r a c t e r i z a t i o n  o f  t h e  r e a c t i o n  p r o d u c t s ,  an 
a l i q u o t  o f  t h e  above was a p p l i e d  t o  a P E I - c e l l u l o s e  t . l . c .  
p l a t e  w hich  was d e v e l o p e d  i n  e t h a n o l :  IM NH^Ac pH 5 ( 7 0 : 3 0 ) .  
A f t e r  d r y i n g ,  t h e  p l a t e  was c u t  i n t o  0 .5 c m  s t r i p s  and th e  
r a d i o a c t i v i t y  d e t e r m i n e d  as a b o v e .
For t h e  i d e n t i f i c a t i o n  o f  A D P -r ib o s e  as a r e a c t i o n  
p ro d u ct  th e  a s s a y  was p e r fo r m e d  as above e x c e p t  t h a t  
[®H-ade]-NAD was u s e d  as th e  r a d i o l a b e l .  A l i q u o t s  were  
a n a l y s e d  by t . l . c .  on P E I - c e l l u l o s e . The p l a t e  was d e v e l o p e d  
in  IM a c e t i c  a c i d  u n t i l  t h e  s o l v e n t  f r o n t  was 2cm above th e  
o r i g i n .  I t  was t h e n  d e v e l o p e d  i n  0 . 9M a c e t i c  a c i d ;
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0.3M L iC l  f o r  a f u r t h e r  10cm. The p l a t e  was d r i e d  and c u t  
i n t o  0 .5 c m  s t r i p s .  The s t r i p s  were p l a c e d  in  s c i n t i l l a t i o n  
v i a l s  c o n t a i n i n g  1ml 5% ( v / v )  p e r c h l o r i c  a c i d  and h e a t e d  a t  
75°C f o r  15 m i n u t e s .  The v i a l s  were a l l o w e d  t o  c o o l ,  10ml 
T r i t o n  XlOO; t o l u e n e ;  PPO ( 3 0 : 7 0 : 0 . 5 ;  v /v /w )  was added and 
th e  r a d i o a c t i v i t y  d e t e r m i n e d .
4 . 2 . 3  N i c o t i n a m i d e  m o n o n u c l e o t i d e  p y r o p h o s p h o r y l a s e  a s s a y
150ml o f  c e l l s  a t  0 . 5  x 10®/ml were h a r v e s t e d  as b e f o r e  
and w ashed t w i c e  w i t h  0 .15M  NaCl;  lOmM T r i s .  HCl pH 7 . 4 .
The p e l l e t  was r e s u s p e n d e d  i n  0 .5 m l  50mM T r i s .  HCl pH 8 . 3  
and t h e  c e l l s  broken  by f r e e z i n g  and th a w in g  t w i c e .  The 
l y s a t e  was c e n t r i f u g e d  a t  2 0 , 0 0 0  rpm f o r  60 m in u t e s  in  a 
Beckman SW50.1 r o t o r .  The s u p e r n a t a n t  was u s e d  f o r  th e  
a s s a y  b e l o w .
2 0 y l  o f  th e  s u p e r n a t a n t  was added t o  lO y l  ImM 
l ^ C - n i c o t i n a m i d e  ( s p .  a c t . ' 5 0 y C i /y m o l)  and 2 0 y l  50mM 
T r i s .  HCl pH 8 . 3 ;  lOOmM MgCl2 ; 2 . ImM p h o s p h o r i b o s y I p y r o -  
p h o s p h a t e ;  3.25mM ATP; 2 . 9mM AMP. A f t e r  v a r i o u s  t im e s  a t  
37°C, 5 0 y l  a b s o l u t e  e t h a n o l  was added and t h e  m ix t u r e  was  
put  on i c e .  A l i q u o t s  w ere  a n a l y s e d  as f o r  t h e  NAD 
g l y c o h y d r o l a s e  a s s a y .
4 . 2 . 4  NAD p y r o p h o s p h o r y l a s e  a s s a y
200ml o f  c e l l s  a t  0 . 5  x 10®/ml were h a r v e s t e d  and 
n u c l e i  w ere  i s o l a t e d  as d e s c r i b e d  i n  S e c t i o n  4 . 2 . 1  e x c e p t  
t h a t  t h e  f i n a l  p e l l e t  was r e s u s p e n d e d  i n  lOOmM T r i s .  HCl
-  8 3  -
pH 7 .8  a t  1 X  10® n u c l e i / m l .
lOOyl o f  t h e  above was added t o  lOOyl lOOmM T r i s .  HCl 
pH 7 . 8 ;  20mM MgCl2 ; lOmM ATP; 4mM NMN; 20mM AMP;
20mM n i c o t i n a m i d e .  A f t e r  v a r i o u s  t i m e s  a t  37°C, 2 0 y l  o f  
th e  r e a c t i o n  m i x t u r e  was added t o  1 8 0 y l  55% ( v / v )  e t h a n o l  
and l e f t  on i c e  u n t i l  a s s a y e d  f o r  NAD by t h e  method o f  
N is s e lb a u m  & Green (262)  as d e s c r i b e d  b e lo w .
1 .9 5 m l  lOOmM g l y c y l  g l y c i n e  b u f f e r  pH 7 . 4 ;  lOOmM 
n i c o t i n a m i d e ;  0 . 5M e t h a n o l ,  8 0 0 y l  (Im g/ml)  p h e n a z i n e  m eth y l  
s u l p h a t e ,  5 0 y l  (5mg/ml)  t h i a z o y l  b l u e  and lOOyl Img/ml  
y e a s t  a l c o h o l  d e h y d r o g e n a s e  (400 lU/mg) were p r e - i n c u b a t e d  
a t  37°C f o r  5 m i n u t e s  i n  subdued  l i g h t .  5 0 y l  o f  th e  sample  
was added and t h e  change i n  a b so r b a n c e  a t  570nm was 
m o n ito r e d  f o r  5 m in u t e s  u s i n g  a Pye -U nicam  SP 8 - 1 0 0  d u a l  
beam s p e c t r o p h o t o m e t e r .  The change i n  OD was compared  
w i t h  th e  r a t e s  o b t a i n e d  u s i n g  known amounts o f  NAD.
4 . 2 . 5  E n tr y  o f  3 -a m in o b e n za m id e  i n t o  L1210 c e l l s  and th e  
m e t a b o l i s m  o f  3 -am in ob en zam id e
A s o l u t i o n  o f  lOOmM 3-a m in o b en za m id e  i n  150mM NaCl was 
s t e r i l i z e d  by a u t o c l a v i n g  a t  15 p . s . i .  f o r  15 m i n u t e s .
3 -A m inobenzam ide  was added t o  200ml c u l t u r e s  i n  
e x p o n e n t i a l  g ro w th  p h a se  t o  a f i n a l  c o n c e n t r a t i o n  o f  2mM. 
The c e l l  d e n s i t y  was a p p r o x i m a t e l y  5 x 10® c e l l s / m l .  At  
v a r i o u s  t im e s  a f t e r  th e  a d d i t i o n  o f  3 -a m in o b e n z a m id e ,
30ml a l i q u o t s  w e r e  t a k e n ,  c e n t r i f u g e d  a t  2 , 0 0 0  rpm f o r
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1 m in u t e .  The p e l l e t s  w ere  washed once  w i t h  20ml 0.15M NaCl 
0 .5 m l  m e th a n o l  was added t o  t h e  p e l l e t  w h ich  was d i s p e r s e d  
by s o n i c a t i o n .  A l i q u o t s  (10 or  2 0 y l )  o f  t h i s  s u s p e n s i o n  
were a p p l i e d  as  1cm s t r i p s  to  a c e l l u l o s e t  t . l . c .  p l a t e  
which  was d e v e l o p e d  w i t h  b u t a n o l ;  m e th a n o l ;  w a t e r ;
NĤ OH ( 6 0 : 2 0 : 2 0 : 1 ;  by v o l . )  u n t i l  th e  s o l v e n t  f r o n t  had  
r e a c h e d  5-6cm above t h e  o r i g i n .  A f t e r  d r y i n g ,  th e  i n t e n s i t y  
o f  th e  b l u e  f l u o r e s c e n t  s p o t s  was compared w i t h  a s e r i e s  o f  
known amounts o f  3 -a m in ob en zam id e  w h ich  had b e e n  chrom ato -  . 
graphed u n d er  s i m i l a r  c o n d i t i o n s .  The s e n s i t i v i t y  o f  the  
method was a p p r o x i m a t e l y  0 . 0 5 - 0 . 1  n m o les  ( 0 . 0 6 8 y g ) .
4 . 2 . 6  E f f e c t  o f  3 -am in ob en zam id e  on c e l l  p r o l i f e r a t i o n
C e l l s  were  s u b c u l t u r e d  to  a d e n s i t y  o f  0 . 5  x 10® 
c e l l s / m l .  A f t e r  1 6 -1 8  h o u r s ,  2ml s t e r i l e  3 -am inobenzam ide  
(10mM-200mM i n  0 . 15M NaCl) or  0.15M NaCl was added t o  
18ml o f  c e l l s .  At v a r i o u s  t im e s  a f t e r  t h e  a d d i t i o n  o f  
3 -a m in o b e n z a m id e ,  t h e  c e l l  number was d e t e r m i n e d .
4 . 2 . 7  E f f e c t  o f  3 -am in ob en zam id e  on t h e  i n c o r p o r a t i o n  o f  
p r e c u r s o r s  i n t o  m a c r o m o le c u le s
3-Aminobenzam ide s o l u t i o n  was added to  g i v e  a f i n a l  
c o n c e n t r a t i o n  o f  2mM to  e x p o n e n t i a l l y  d i v i d i n g  c u l t u r e s  a t
2 X  10® c e l l s / m l .  0 .15M NaCl was added t o  c o n t r o l  c u l t u r e s .  
At v a r i o u s  t im e s  a f t e r  t h e  a d d i t i o n  o f  3 -a m in o b en za m id e ,
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0 .5 m l  a l i q u o t s  w ere  removed and added t o  0 . 5 p C i  o f  
® H -th y m id in e , ® H -adenos ine  or ® H - l e u c i n e ,  and th e n  
i n c u b a t e d  a t  37°C.  5 0 y l  a l i q u o t s  were removed a t  2 0 ,  40 
and 60 m in u t e s  a f t e r  t h e  a d d i t i o n  o f  i s o t o p e  and a p p l i e d  to  
a c i d  s o a k e d  d i s c s  i n  t h e  c a s e  o f  t h y m i d i n e ,  a d e n o s i n e  and 
u r i d i n e  l a b e l l i n g .  The d i s c s  w ere  th e n  p r o c e s s e d  as 
d e s c r i b e d  i n  S e c t i o n  3 . 2 .  The a l i q u o t s  from th e  i n c o r p o r a ­
t i o n  o f  ® H - l e u c i n e  were  added to  5 0 y l  10% TCA and h e a t e d  a t  
70°C f o r  15 m i n u t e s .  A f t e r  c o o l i n g  on i c e ,  5 0 y l  was a p p l i e d  
to  paper  d i s c s  and p r o c e s s e d  as a b o v e .
4 . 2 . 8  NAD l e v e l s  i n  L1210 c e l l s
C u l t u r e s  w ere  grown f o r  v a r i o u s  t im e s  in  t h e  p r e s e n c e  
or a b se n c e  o f  2mM 3 -a m in o b e n z a m id e .  A l i q u o t s  (30ml)  were  
h a r v e s t e d  and 2ml 0 . 5M HCIO^ was added.  A f t e r  30 m in u te s  
on i c e ,  t h e y  w ere  c e n t r i f u g e d  a t  3 , 0 0 0  rpm f o r  15 m i n u t e s .
The s u p e r n a t e n t s  w ere  th e n  i n c u b a t e d  a t  37°C f o r  
30 m i n u t e s ,  a f t e r  w h ic h  t im e  0 .5 m l  2M NaOH was added and 
th e  n e u t r a l i z e d  s u p e r n a t e n t s  k e p t  on i c e  u n t i l  a s s a y e d  f o r  
NAD as d e s c r i b e d  i n  S e c t i o n  4 . 2 . 4  e x c e p t  t h a t  s t a n d a r d s  
c o n t a i n e d  an e q u i v a l e n t  amount o f  0. 4M NaClO^.
4 . 2 . 9  P o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  in  p e r m e a b i l i z e d  
c e l l s  f o l l o w i n g  t r e a t m e n t  w i t h  3 -a m in o b en za m id e  i n  v i v o
C e l l s  w ere  p e r m e a b i l i z e d  and a s s a y e d  f o r  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  a c t i v i t y  as d e s c r i b e d  p r e v i o u s l y  e x c e p t  t h a t  c e l l s  
were f i r s t  w a s h e d * w i th  0 . 15M NaCl;  lOmM T r i s .  HCl pH 7 . 5 .
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4 . 3 .  R e s u l t s  and D i s c u s s i o n
4 . 3 . 1  P o l y ( A D P - r i b o s e )  s y n t h e t a s e
The d a t a  i n  F i g .  11 show t h a t  3 -am in o b en za m id e  i s  a 
p o t e n t  i n h i b i t o r  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  in  i s o l a t e d  
n u c l e i  from L1210 c e l l s  and i s  more i n h i b i t o r y  than  
n i c o t i n a m i d e .  In o r d e r  t o  o b t a i n  a more r e a l i s t i c  e s t i m a t e  
o f  th e  e f f e c t  o f  3 -a m in ob en zam id e  iji v i v o , t h e  i n h i b i t i o n  
o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  i n  p e r m e a b i l i z e d  
c e l l s  was i n v e s t i g a t e d .  The method o f  B e r g e r  ^  (261)  
was u se d  f o r  p e r m e a b i l i z a t i o n .  Over 95% o f  t h e  c e l l s  were  
r e n d er ed  p e r m e a b le  t o  t r y p a n  b l u e  u s i n g  t h i s  method.  The 
a s s a y  u s e d  by B e r g e r  c o n t a i n e d  0.33mM NAD. The NAD l e v e l s  
in  L1210 c e l l s  have  b een  e s t i m a t e d  t o  be ImM ( 1 9 5 , 2 6 3 ) .
The i n c o r p o r a t i o n  o f  r a d i o a c t i v i t y  i n t o  a c i d - i n s o l u b l e  
m a t e r i a l  was exam ined  u s i n g  0.33mM and ImM NAD ( F i g .  1 2 ) .  
Both s u b s t r a t e  c o n c e n t r a t i o n s  gave  l i n e a r  r a t e s  w i t h  t im e .
The e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  3 - a m in o ­
benzamide on th e  enzyme a c t i v i t y  was ex a m in e d .  F ig u r e  13 
shows t h a t  A D P - r i b o s y l a t i o n  i s  i n h i b i t e d  o v e r  90% by 
250yM 3 - a m in o b e n z a m id e .  F ig u r e  14 shows t h a t  3 -h y d r o x y -  
benzam ide i s  an e q u a l l y  p o t e n t  i n h i b i t o r .
4 . 3 . 2  NAD g l y c o h y d r o l a s e
NAD d e g r a d a t i o n  was a s s a y e d  by t h e  p r o d u c t i o n  o f  
i ^ c - n i c o t i n a m i d e  from (carbony-^^C )-NAD. A cru d e  s o n i c a t e  
was u se d  f o r  t h e  a s s a y  f o r  a v a r i e t y  o f  r e a s o n s .  The
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F ig u r e  14 The e f f e c t  o f  3 -hydroxybenzam ide  on 
A D P - r i b o s y l a t i o n  i n  p e r m e a b i l i s e d  L1210 c e l l s .
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s u b c e l l u l a r  l o c a l i z a t i o n  o f  NAD g l y c o h y d r o l a s e  has  been  
d e s c r i b e d  v a r i o u s l y  as m ic r o so m a l  ( 2 6 4 ) ,  n u c l e a r  e n v e l o p e  
( 2 6 5 , 2 6 6 ) ,  i n  s e c o n d a r y  ly s o s o m e s  (2 6 7 )  and in  t h e  p lasm a  
membrane ( 2 6 8 - 2 7 2 ) .  The l o c a t i o n  in  t h e  p lasm a membrane 
i s  n o t e w o r t h y  b e c a u s e  i t  i s  t h o u g h t  to  be an e c t o e n z y m e ,
i.e. i t  i s  p r e s e n t  on t h e  o u t s i d e  s u r f a c e  o f  t h e  c e l l .  T h is  
has  b een  e s t a b l i s h e d  by com p ar ison  o f  th e  r a t e  o f  NAD h y d r o ­
l y s i s  by h o m o g e n a te s  and i n t a c t  c e l l s  f o r  E .A .T .  c e l l s  
(269)  and b o v i n e  e r y t h o c y t e s  ( 2 7 0 ) .  The enzyme from th e  
m ic ro so m a l  f r a c t i o n  o f  c a l f  s p l e e n  has  b een  shown to  be in  
t h e  p la sm a  membrane by d e n s i t y  d i s p l a c e m e n t  o f  p la sm a  
membranes from o t h e r  membranes by t r e a t m e n t  w i t h  d i g i t o n i n  
( 2 6 8 ) .  The m ost  c o n v i n c i n g  method has  been  th e  t r e a t m e n t  
o f  i n t a c t  p e r i p h e r a l  and s p l e e n i c  m acrophages  w i t h  d i a z o t i z e d  
s u l p h a n i l i c  a c i d  as an i r r e v e r s i b l e  n o n - p e r m e a t i n g  enzyme 
i n h i b i t o r  ( 2 7 2 ) .  Thus t h i s  form o f  th e  enzyme c o u l d  have  no 
r o l e  in  t h e  h y d r o l y s i s  o f  i n t r a c e l l u l a r  NAD. I t s  f u n c t i o n  
appears  t o  i n v o l v e  t h e  h y d r o l y s i s  o f  e x t r a c e l l u l a r  NAD 
f o l l o w i n g  e n d o c y t o s i s  (2 7 3 ) .  The a p p ea ra n ce  o f  t h e  enzyme 
i n  s e c o n d a r y  l y s o s o m e s  o f  r a b b i t  l i v e r  f o l l o w i n g  d e t e r g e n t  
t r e a t m e n t  (2 6 7 )  i s  c o n s i s t e n t  w i t h  such  a f u n c t i o n .
One p r o b le m  w i t h  th e  a s s a y  i s  t h e  d i s c r i m i n a t i o n  
b etw een  NAD g l y c o h y d r o l a s e  and A D P - r i b o s y l t r a n s f e r a s e s , 
w hich  h a v e  b e e n  r e p o r t e d  t o  be  p r e s e n t  in  b o v i n e  and t u r k e y  
e r y t h r o c y t e s  ( 2 7 0 , 2 7 4 - 5 ) , and p o l y ( A D P - r i b o s e )  s y n t h e t a s e .
T h is  has  b e e n  a t t e m p t e d  by a s s a y i n g  p e r m e a b i l i z e d  L1210  
c e l l s  a t  low  pH (2 3 6 )  and DNasel  p r e t r e a t m e n t  t o  i n a c t i v a t e
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p o l y ( A D P - r i b o s e )  s y n t h e t a s e  ( 2 6 9 ) .  O n e  c r i t i c i s m  o f  a l l  
t l i e s e  m e t h o d s  i s  t h a t  t h e y  m a y  s e l e c t  o n e  p a r t i c u l a r  f o r m  o f  
NAD g l y c o h y d r o l a s e .  I n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  b y  m e r c u r i a l s  o r  d i t h i o n i t r o b e n z o i c  a c i d  i s  
u n s u i t a b l e  b e c a u s e  NAD g l y c o h y d r o l a s e s  f r o m  p i g  s p l e e n  ( 2 7 6 )  
a n d  r a b b i t  l i v e r  l y s o s o m e s  ( 2 6 7 )  a r e  r e p o r t e d  t o  p o s s e s s  
e s s e n t i a l  t h i o l  g r o u p s .  5mM E DT A w a s  i n c l u d e d  i n  t h e  a s s a y  
m e d i u m  t o  i n h i b i t  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  w h i c h  i s  
s t i m u l a t e d  b y  M g ^ ^ ( l , 2 4 8 ) .  T o  d a t e  n o  NAD g l y c o h y d r o l a s e s  
h a v e  b e e n  r e p o r t e d  t o  r e q u i r e  d i v a l e n t  c a t i o n s ;  i n d e e d  t h e  
e n z y m e  f r o m  p i g  s p l e e n  i s  i n h i b i t e d  b y  Mg^"*" ( 2 7 6 ) .
F i g u r e  1 5  s h o w s  t h e  t i m e  c o u r s e  o f  NAD h y d r o l y s i s  i n  
t h e  p r e s e n c e  a n d  a b s e n c e  o f  2mM 3 - a m i n o b e n z a m i d e .  T h e  
i n h i b i t i o n  b y  3 - a m i n o b e n z a m i d e  w a s  i n v e s t i g a t e d  u s i n g  
[ ^ H - A d e J - N A D  a s  s u b s t r a t e .  F i g u r e s  1 6  a n d  1 7  s h o w  t h e  
r e a c t i o n  p r o d u c t s  a f t e r  5 m i n u t e s .  T h e  m a j o r  d i f f e r e n c e  i s  
t h e  s i z e  o f  t h e  p e a k  o n  t h e  o r i g i n .  T h i s  p r o b a b l y  r e p r e s e n t s  
p r o t e i n - b o u n d  m a t e r i a l  w h i c h  i s  a b s e n t  i n  t h e  p r e s e n c e  o f  
3 - a m i n o b e n z a m i d e .  T h e  m o s t  l i k e l y  c a n d i d a t e  i s  p o l y ( A D P -  
r i b o s e )  s y n t h e t a s e .  A l t h o u g h  t h e  e n z y m e  i s  s t i m u l a t e d  b y  
M g ^ ^ ,  i t  h a s  r e c e n t l y  b e e n  r e p o r t e d  t h a t  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  f r o m  b r a i n  ( 2 7 7 )  i s  n o t  i n h i b i t e d  b y  E D T A .  F r o m  
t h e  d a t a  i n  F i g u r e  1 5 ,  n i c o t i n a m i d e  p r o d u c t i o n  f r o m  NAD 
i s  i n h i b i t e d  40% b y  t h e  p r e s e n c e  o f  2mM 3 - a m i n o b e n z a m i d e  
a f t e r  5 m i n u t e s .  A s i m i l a r  f i g u r e  i s  o b t a i n e d  i f  t h e  d a t a  
i n  F i g u r e s  1 6  a n d  1 7  a r e  e x p r e s s e d  a s  p e r c e n t a g e  NAD  
h y d r o l y s e d  ( i . e .  3 2 % ) .  B y  e x p r e s s i n g  t h e  s a m e  d a t a  a s  
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F i g u r e  1 5  E f f e c t  o f  2mM 3 - a m i n o b e n z a m i d e  o n  NAD h y d r o l y s i s  
b y  s o n i c a t e d  L 1 2 1 0  c e l l s .










F r a c t i o n  Number
F ig u r e  16 P E I - c e l l u l o s e  t . l . c .  p r o f i l e  o f  r e a c t i o n  
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F r a c t i o n  Number
F ig u r e  17 PEI- c e l l u l o s e  t . l . c .  p r o f i l e  o f  r e a c t i o n
p r o d u c t s  a f t e r  5 m in u te s  i n c u b a t i o n  in  the  p r e s e n c e  o f  
2mM 3 - a m in o b e n z a m id e .
-  89 -
o b t a i n e d .  T h i s  p r o b a b l y  r e p r e s e n t s  a n  o v e r e s t i m a t e  b e c a u s e  
n o  a c c o u n t  h a s  b e e n  t a k e n  o f  t h e  h y d r o l y s i s  o f  t h e  l i n k a g e  
b e t w e e n  A D P - r i b o s e  a n d  p r o t e i n .  T h u s  i t  c a n  b e  c o n c l u d e d  
t h a t  2mM 3 - a m i n o b e n z a m i d e  d o e s  n o t  i n h i b i t  NAD g l y c o h y d r o -  
l a s e  i n  t h e s e  c e l l s .  D u r k a c z  e j t  ^  ( 1 9 5 )  h a v e  r e p o r t e d  a  
s i m i l a r  f i n d i n g .  A s  e a r l y  a s  1 9 4 5 ,  i t  w a s  s h o w n  t h a t  1 6 0 m M  
b e n z a m i d e  h a d  n o  e f f e c t  o n  NAD g l y c o h y d r o l a s e  f r o m  r a b b i t  
b r a i n  ( 2 7 7 ) .  P y r i d i n e  c o m p o u n d s  i n c l u d i n g  n i c o t i n a m i d e  a r e  
k n o w n  t o  i n h i b i t  NAD g l y c o h y d r o l a s e  ( e . g .  2 7 0 ) .  T h u s  i t  
a p p e a r s  t h a t  i n  c o n t r a s t  t o  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  t h e  
p y r i d i n e  r i n g  n i t r o g e n  i s  n e c e s s a r y  f o r  b i n d i n g  t o  t h e  
e n z y m e  a c t i v e  s i t e .
4 . 3 . 3  N i c o t i n a m i d e  m o n o n u c 1 e o t i d e  p y r o p h o s p h o r y l a s e
F i g u r e  1 8  s h o w s  t h a t  2mM 3 - a m i n o b e n z a m i d e  h a s  n o  
e f f e c t  o n  NTN p y r o p h o s p h o r y 1 a s e . A s i m i l a r  r e s u l t  w a s  
o b t a i n e d  i f  n i c o t i n i c  a c i d  w a s  u s e d  i n  p l a c e  o f  n i c o t i n a m i d e  
( F i g .  1 9 ) .  T h i s  c o m p a r e s  w i t h  f i n d i n g  o f  D i e t r i c h ’ s  g r o u p  
t h a t  a n a l o g u e s  o f  n i c o t i n a m i d e  a r e  p o t e n t  i n h i b i t o r s  o f  
NMN p y r o p h o s p h o r y l a s e  f r o m  r a t  l i v e r  ( 2 7 9 ) .  T h i o n i c o t i n -  
a m i d e  a n d  3 - a c e t y I p y r i d i n e  w e r e  a b l e  t o  a c t  a s  s u b s t r a t e s  
( 2 7 9 , 2 8 0 ) .  I n  a d d i t i o n ,  i f  3 - a c e t y I p y r i d i n e , 6 - a m i n o -  
n i c o t i n a m i d e  o r  t h i o n i c o t i n a m i d e  w e r e  a d m i n i s t e r e d  t o  r a t s ,  
t h e  c o r r e s p o n d i n g  NAD a n a l o g u e s  w e r e  f o u n d  i n  b r a i n .  T h u s  
i f  t h e s e  c o m p o u n d s  a r e  u s e d  a s  i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  
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F ig u r e  18 The e f f e c t  o f  2mM 3-aminobenzam ide on 
NMN p y r o p h o s p h o r y l a s e  a c t i v i t y .
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Fi g u r e  19 The e f f e c t  o f  2inM 3-am inobenzam ide  on 
NaMN p y r o p h o s p h o r y l a s e  a c t i v i t y .
c o n t r o l 2mM 3-am inobenzam ide
-  9 0  -
t o  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e .
The i n d u c t i o n  o f  enzymes in  l i v e r  by n i c o t i n a m i d e  and 
i t s  a n a l o g u e s  (281 )  i s  u n l i k e l y  t o  be a d i r e c t  e f f e c t  on 
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  s i n c e  t h e  m a j o r i t y  o f  t h e s e  
compounds do n o t  i n h i b i t  A D P - r i b o s y l a t i o n  ( 9 6 ) .
4 . 3 . 4  NAD p y r o p h o s p h o r y l a s e
3-Aminobenzamide a t  a c o n c e n t r a t i o n  o f  2mM h a s  no  
e f f e c t  on NAD p y r o p h o s p h o r y l a s e  ( F i g .  2 0 ) .  T h is  f i n d i n g ,  
t o g e t h e r  w i t h  t h e  d a t a  p r e s e n t e d  e a r l i e r  on th e  e f f e c t  o f  
3-am inobenzam ide  on o t h e r  enzymes i n v o l v e d  i n  NAD m e ta b o l i s m  
i n  L1210 c e l l s ,  means t h a t  any a l t e r a t i o n s  i n  t h e  l e v e l  o f  
NAD i j i  v i v o  upon 3 -am in ob en zam id e  t r e a t m e n t  are  a c o n s e q u e n c e  
o f  the  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e .
4 . 3 . 5  E n tr y  o f  3 -am in ob en zam id e  i n t o  t h e  c e l l  and m e ta b o l i s m
I t  m ust  f i r s t  be r e c o g n i z e d  t h a t  t h e  t e c h n i q u e  u s e d  was 
e x t r e m e l y  c r u d e .  I t  was h o w ev er  p o s s i b l e  t o  show th e  a p p e a r ­
ance o f  a b l u e  f l u o r e s c e n t  s p o t  a f t e r  t r e a t m e n t  o f  L1210  
c e l l s  w i t h  2mM 3 -a m in o b en za m id e  iji  v i v o  when an a l i q u o t  o f  a 
m e t h a n o l i c  c e l l  e x t r a c t  was ch rom atograp h ed  on c e l l u l o s e  F 
t . l . c .  p l a t e s .  Even a f t e r  a p e r i o d  o f  48 h o u rs  had e l a p s e d  
f o l l o w i n g  t h e  a d d i t i o n  o f  3 -a m in ob en zam id e  t o  t h e  c e l l s ,  no 
o t h e r  f l u o r e s c e n t  s p o t s  c o u l d  be d e t e c t e d .
I f  c e l l s  w ere  t r e a t e d  w i t h  2mM 3 -am in ob en zam id e  and an 



















m in u tes
F ig u r e  20 The e f f e c t  o f  2mM 3-am inobenzam ide  on 
NAD p y r o p h o s p h o r y l a s e  a c t i v i t y .
c o n t r o l ; I, 2mM 3-am inobenzam ide
-  9 1  -
th e  s p o t  compared t o  know amounts o f  3 - a m in o b en za m id e ,  th e  
i n t r a c e l l u l a r  c o n c e n t r a t i o n  was e s t i m a t e d  t o  be a p p r o x i ­
m a te ly  0 . 8 - 1 . 2  n m o le s / 1 0 ^  c e l l s .
The l a c k  o f  h y d r o l y s i s  o f  3 -am in ob en zam id e  i s  c o n s i s t e n t  
w i t h  e a r l y  work done by Thorpe and c o - w o r k e r s ,  who s t u d i e d  
th e  m e ta b o l i s m  o f  v a r i o u s  b e n za m id es  i n  r a b b i t s .  From a 
number o f  s t u d i e s  t h e y  found  th e  amide o f  3 -am in ob en zam id e  
was o n l y  h y d r o l y s e d  6-10% (282)  compared t o  80% f o r  
benzamide and 58% f o r  3 - n i t r o b e n z a m i d e  ( 2 8 3 , 2 8 4 ) .  3 -Amino-  
benzamide was a l s o  fou nd  t o  be r e l a t i v e l y  s t a b l e  t o  h y d r o ­
l y s i s  ijT. v i t r o  by a r a b b i t  l i v e r  e x t r a c t  (285)  . The main  
methods o f  m e t a b o l i z i n g  3 -a m in ob en zam id e  i n  r a b b i t  w ere  
found t o  be a c é t y l a t i o n  o f  th e  amino group and h y d r o x y l a t i o n  
o f  th e  b e n z e n e  r i n g  ( 2 8 2 ) .  I f  a c é t y l a t i o n  o f  3 - a m in o b e n z ­
amide o c c u r s  i n  L1210 c e l l s ,  i t  w ou ld  n o t  be d e t e c t e d  u s i n g  
th e  c r i t e r i o n  o f  f l u o r e s c e n c e  b e c a u s e  3 - a c e t y l a m i n o b e n z a m i d e  
l a c k s  t h i s  p r o p e r t y .  For r i g o r o u s  s t u d y  o f  t h e  m e ta b o l i s m  
o f  3 -a m in o b e n z a m id e ,  i t  w o u ld  be p r e f e r a b l e  t o  u s e  r a d i o ­
a c t i v e  m a t e r i a l .  The c o s t  o f  o b t a i n i n g  [ -3 -a m in o b en za m id e  
from t h e  R a d i o c h e m ic a l  C e n t r e ,  Amersham, U .K . ,  made s u c h  an 
i n v e s t i g a t i o n  i m p r a c t i c a l .  For t h e  p u r p o s e s  o f  s t u d y i n g  ADP- 
r i b o s y l a t i o n  i n  L1210 c e l l s ,  m e t a b o l i s m  o f  3 -am in ob en zam id e  
by a c é t y l a t i o n  i s  o f  minor  s i g n i f i c a n c e  b e c a u s e  3 - a c e t y l -  
aminobenzamide i s  a more p o t e n t  i n h i b i t o r  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  than  t h e  p a r e n t  compound.
-  92  -
4 . 3 . 6  E f f e c t  o f  3 -a m in ob en zam id e  on c e l l  p r o l i f e r a t i o n
The e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  3 - a m in o b e n z ­
amide on th e  r a t e  o f  c e l l  d i v i s i o n  i s  shown i n  F ig u r e  21.
At c o n c e n t r a t i o n s  o f  up t o  5mM no s i g n i f i c a n t  d i f f e r e n c e  in  
th e  c e l l  number was o b s e r v e d .  At c o n c e n t r a t i o n s  above t h i s  
3-am inobenzam ide  c a u s e d  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  r a t e  
o f  c e l l  p r o l i f e r a t i o n .  T h is  became more p r o n o u n ce d  a f t e r  
24 hours  a l t h o u g h  a f t e r  t h i s  t im e  p r o l i f e r a t i o n  was a lm o s t  
c o m p l e t e l y  i n h i b i t e d .  T h is  c o u l d  mean t h a t  3 -am in ob en zam id e  
i n h i b i t s  p r o l i f e r a t i o n  a f t e r  one c e l l  d i v i s i o n .  Whether t h i s  
e f f e c t  i s  r e l a t e d  t o  A D P - r i b o s y l a t i o n  o f  n u c l e a r  p r o t e i n s  i s  un su re  
s i n c e  a c o n c e n t r a t i o n  o f  0.25mM i n h i b i t s  A D P - r i b o s y l a t i o n  
over  90% i n  p e r m e a b i l i z e d  c e l l s  ( S e c t i o n  4 . 3 . 1 ) .
Nduka e ^  (1 9 2 )  h ave  i n v e s t i g a t e d  t h e  c y t o t o x i c i t y  o f  
v a r i o u s  o t h e r  i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
u s i n g  L1210 c e l l s .  At 2mM, 5 - m e t h y I n i c o t i n a m i d e  and 
th y m id in e  ( i n  th e  p r e s e n c e  o f  3-mM d e o x y c y t i d i n e )  had no 
e f f e c t  on r e l a t i v e  p l a t i n g  e f f i c i e n c y  when L1210 c e l l s  were  
grown i n  s o f t  a g a r .  At c o n c e n t r a t i o n s  above 2mM, 5 - m e t h y l -  
n i c o t i n a m i d e  c a u s e d  a r a p i d  d e c r e a s e  i n  p l a t i n g  e f f i c i e n c y .
A l l  th e  m e t h y l x a n t h i n e s  w ere  c y t o t o x i c  above 250yM, a l t h o u g h  
the  r e l a t i v e  p o t e n c y  showed no c o r r e l a t i o n  w i t h  t h e i r  
a b i l i t y  t o  i n h i b i t  p o l y ( A D P - r i b o s e )  s y n t h e t a s e .  U s in g  the  
same t e c h n i q u e ,  Durkacz ejt ^  (1 9 5 )  h a v e  r e c e n t l y  r e p o r t e d  
t h a t  3mM 3 -a m in o b en za m id e  had no  e f f e c t  on p l a t i n g  





h r s  a f t e r  a d d i t i o n  o f  i n h i b i t o r
F i g u r e  21 The e f f e c t  o f  3 -am in ob en zam id e  on 





□ 1 5mM 
A 20mM
-  9 3  —
N i c o t i n a m i d e  h a s  a d u a l  e f f e c t  on th e  p r o l i f e r a t i o n  o f  
HeLa c e l l s .  At ImM p r o l i f e r a t i o n  was s l i g h t l y  i n c r e a s e d  
w hereas  a t  3mM i n h i b i t i o n  was i n h i b i t e d  a p p r o x i m a t e l y  20% 
( 9 6 ) .  lOmM 5 - m e t h y I n i c o t i n a m i d e  c o m p l e t e l y  i n h i b i t s  HeLa 
p r o l i f e r a t i o n  c a u s i n g  an a c c u m u la t i o n  o f  c e l l s  i n  G2 p h a se  
( 2 8 6 ) .  A c l o n e  was i s o l a t e d  w h ich  was a b l e  t o  d i v i d e  a t  
70% o f  t h e  c o n t r o l  r a t e  in  th e  p r e s e n c e  o f  lOmM 5 - m e t h y l -  
n i c o t i n a m i d e  ( 2 8 7 ) .  P o l y ( A D P - r i b o s e )  s y n t h e t a s e  from t h i s  
r e s i s t a n t  c l o n e  was s l i g h t l y  l e s s  s e n s i t i v e  t o  5 - m e t h y l -  
n i c o t i n a m i d e  i n h i b i t i o n .  R e c e n t l y  Nduka & S h a l l  r e p o r t e d  
the i s o l a t i o n  o f  a 5 - m e t h y I n i c o t i n a m i d e  r e s i s t a n t  c l o n e  o f  
L1210 c e l l s  a l t h o u g h  no p r o p e r t i e s  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  from t h e s e  c e l l s  were  g i v e n  ( 2 8 8 ) .
The r e l a t i v e  i n s e n s i t i v i t y  o f  L1210 c e l l s  t o  3 - a m i n o ­
b e n z a m id e ,  w h ich  i s  a more p o t e n t  i n h i b i t o r  o f  p o ly (A D P -  
r i b o s e )  s y n t h e t a s e  than t h e  compounds d e s c r i b e d  a b o v e ,  c a s t s  
doubt as t o  w h e t h e r  t h e  p r o l i f e r a t i v e  e f f e c t s  o b s e r v e d  w i t h  
o t h e r  i n h i b i t o r s  are  m e d ia t e d  v i a  A D P - r i b o s y l a t i o n  o f  
n u c l e a r  p r o t e i n s .
4 . 3 . 7  I n c o r p o r a t i o n  o f  r a d i o a c t i v e  p r e c u r s o r s  i n t o  
a c i d - i n s o l u b l e  m a t e r i a l
The e f f e c t  o f  2mM 3 -a m in ob en zam id e  on p r e c u r s o r  i n c o r p ­
o r a t i o n  i n t o  m a c r o m o le c u le s  i s  shown i n  F i g u r e  22 .  As m ig h t  
be e x p e c t e d  from i t s  l a c k  o f  e f f e c t  on c e l l u l a r  p r o l i f e r ­
a t i o n ,  t h e  i n c o r p o r a t i o n  o f  C - t h y m i d i n e  i s  u n a f f e c t e d .  
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h r s  a f t e r  a d d i t i o n
F ig u r e  22 The e f f e c t  o f  2mM 3 -aminobenzam ide on 
i n c o r p o r a t i o n  o f  p r e c u r s o r s  i n t o  a c i d - i n s o l u b l e  m a t e r i a l
■, 3 H -th y m id in e ;  a ,  ^ H -u r id in e ;  • ,  ^ H -a d e n o s in e ;  


















F ig u r e  25 S c h e m a t i c  r e p r e s e n t a t i o n  o f  NAD t u r n o v e r  
in  L1210 c e l l s
-  9 4  -
s i g n i f i c a n t l y  from c o n t r o l  r a t e s .  T h ese  two o b s e r v a t i o n s  
r u l e  out  a d i r e c t  r e g u l a t o r y  r o l e  f o r  A D P - r i b o s y l a t i o n  in  
e i t h e r  DNA r e p l i c a t i o n  or  t r a n s c r i p t i o n  i n  t h e s e  c e l l s .
I t  m ig h t  be e x p e c t e d  t h a t  a d e n o s i n e  i n c o r p o r a t i o n  would  
be u n a f f e c t e d  a l s o .  The s l i g h t  d e c r e a s e  i n  t h e  r a t e  o f  
^ H -adenos ine  i n c o r p o r a t i o n  i n  t h e  p r e s e n c e  o f  2mM 3-a m in o -  
benzamide i s  u n l i k e l y  to  be  as a r e s u l t  o f  a change i n  l e v e l s  
o f  A D P - r i b o s y l a t e d  p r o t e i n s  b e c a u s e  o f  t h e  low l e v e l s  
in  v i v o . A more p l a u s i b l e  e x p l a n a t i o n  i s  t h a t  3 -a m in o b e n z ­
amide i s  a f f e c t i n g  t h e  t u r n o v e r  o f  ATP. The t u r n o v e r  o f  
NAD v i a  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  i n v o l v e s  t h e  h y d r o l y s i s  
o f  4 -6  h i g h  e n e r g y  p h o s p h a t e  bonds  ( i t  i s  u n c e r t a i n  w h eth er  
ATP i s  h y d r o l y s e d  d u r in g  t h e  s y n t h e s i s  o f  NMN from n i c o t i n ­
amide and p h o s p h o r i b o s y l  p y r o p h o s p h a t e )  as can be s e e n  in  
F igu re  23 .  I n h i b i t i o n  o f  t h i s  c y c l e  m ig h t  h ave  a s i g n i f i c a n t  
e f f e c t  on t h e  t u r n o v e r  o f  ATP i f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
i s  l a r g e l y  r e s p o n s i b l e  f o r  t h e  s h o r t  h a l f  l i f e  o f  NAD in  
e u k a r y o t i c  c e l l s .
The i n c r e a s e  i n  l e u c i n e  i n c o r p o r a t i o n  i s  p u z z l i n g .  The 
l a c k  o f  e f f e c t  on u r i d i n e  i n c o r p o r a t i o n  s u g g e s t s  t h a t  3-amino  
benzam ide i s  a c t i n g  a t  a p o s t - t r a n s c r i p t i o n a l  l e v e l  a l th o u g h  
a s m a l l  i n c r e a s e  i n  t r a n s c r i p t i o n  m ig h t  be masked.  One 
p o s s i b i l i t y  i s  t h a t  p r o t e i n  d e g r a d a t i o n  i s  a f f e c t e d  by 
3 -a m in ob en zam id e  d i r e c t l y  o r  v i a  A D P - r i b o s y l a t i o n .
Benzamide i s  known t o  i n h i b i t  c h y m o t r y p s in  w i t h  a Ki o f  
10 mM ( 2 8 9 ) .  The p e p t i d a s e  a c t i v i t y  o f  c a r b o x y p e p t i d a s e  A 
i s  s t i m u l a t e d  by 25 mM b en zam id e  ( 2 9 0 ) .  3 -Aminobenzamide
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m ight  s t i m u l a t e  p r o t e o l y s i s  i f  L1210 c e l l s  c o n t a i n  a 
p r o t e a s e  s i m i l a r  t o  t h a t  i s o l a t e d  by S u zu k i  & Murachi from 
m acrophages  ( s e e  I n t r o d u c t i o n ) . A f u r t h e r  p o s s i b i l i t y  i s  
t h a t  t h e  t r a n s p o r t  o f  l e u c i n e  i n t o  t h e  c e l l  i s  a f f e c t e d  by 
3 -a m in o b e n z a m id e .
C l e a r l y  f u r t h e r  work i s  n e e d e d  to  e l u c i d a t e  th e  
m o l e c u l a r  mechanisms by w hich  3 -am inobenzam ide  t r e a t m e n t  
i n c r e a s e s  [ ^ H i - l e u c i n e  i n c o r p o r a t i o n  i n t o  p r o t e i n s .
4 . 3 . 8  The e f f e c t  o f  ,2mM 3-am in ob en zam id e  on NAD l e v e l s  
i n  L1210 c e l l s
I f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  i s  a m ajor  d e g r a d a t i o n  
enzyme f o r  NAD th e n  t r e a t m e n t  o f  c e l l s  w i t h  3 -am inobenzam ide  
s h o u ld  r e s u l t  i n  an e l e v a t i o n  o f  i n t r a c e l l u l a r  l e v e l s .  An 
i n c r e a s e  i n  NAD was found ( F i g .  2 4 ) .  The c o n c e n t r a t i o n  o f  
p y r i d i n e  n u c l e o t i d e s  found  i n  c o n t r o l  c e l l s  i s  s l i g h t l y  lo w er  
than t h o s e  r e p o r t e d  f o r  L1210 c e l l s  by S h a l l  and c o -w o r k e r s  
( 1 9 5 , 2 6 3 ) .  T h is  p r o b a b l y  r e p r e s e n t s  NADH2 w h ich  would  be  
deg ra d ed  u nder  t h e  a s s a y  c o n d i t i o n s  u s e d  ( i e  e x t r a c t i o n  w i t h  
HCIO^). The i n c r e a s e  o b s e r v e d  w i t h  3 -am in ob en zam id e  i s  n o t  
as g r e a t  as m ig h t  be e x p e c t e d  from t h e  h a l f  l i f e  o f  1 hour  
r e p o r t e d  f o r  e u k a r y o t i c  c e l l s  (146)  a l t h o u g h  a s i m i l a r  
i n c r e a s e  i s  o b s e r v e d  when L1210 c e l l s  are  t r e a t e d  w i t h  
5 - m e t h y I n i c o t i n a m i d e  and a DNA damaging a g e n t  ( 2 3 6 ) .
Whether t h i s  means t h a t  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  i s  n o t  
th e  major  d e g r a d a t i v e  enzyme f o r  NAD o r  t h a t  NAD s y n t h e s i s  
i s  d e c r e a s e d  i s  u n c e r t a i n  a t  p r e s e n t .  I t  may be  s i g n i f i c a n t
F ig u r e  24 The e f f e c t  o f  2mM 3-am inobenzam ide  on 
NAD l e v e l s  in  L1210 c e l l s .
A. The r e s u l t s  from a s i n g l e  e x p e r i m e n t .
o, c e l l  number
□, NAD l e v e l  in  c o n t r o l  c e l l s
■, NAD l e v e l  in  3 -am inobenzam ide  t r e a t e d  c e l l s




























h o u r s
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t h a t  NMN p y r o p h o s p h o r y l a s e  from r a t  l i v e r  i s  i n h i b i t e d  by 
NAD and NADH  ̂ (2 7 9 ) .  Furtherm ore th e  s u p p l y  o f  p r e c u r s o r s  
may be a r a t e  l i m i t i n g  s t e p .
The main c o n c l u s i o n  t o  be drawn from t h e  e l e v a t e d  NAD 
l e v e l s  i s  t h a t  a l t h o u g h  2mM 3-a m in o b en za m id e  has  no g r o s s  
e f f e c t  on c e l l  p r o l i f e r a t i o n  i t  i s  i n h i b i t i n g  A D P - r i b o s y l a ­
t i o n  iji v i v o .
4 . 3 . 9  P o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  i n  p e r m e a b i l i z e d  
c e l l s  f o l l o w i n g  3 -am in ob en zam id e  t r e a t m e n t
Tanuma e^  (1 6 4 )  o b s e r v e d  an i n c r e a s e  i n  t h e  a c t i v i t y  
o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  in  i s o l a t e d  n u c l e i  f o l l o w i n g  
t r e a t m e n t  o f  HeLa c e l l s  w i t h  t h y m id in e  and n i c o t i n a m i d e  b u t  
n o t  h y d r o x y u r e a  or  a m e t h o p t e r i n .  T h is  was s u g g e s t e d  t o  be  
a r e s u l t  o f  an i n c r e a s e  i n  th e  number o f  a c c e p t o r  p r o t e i n s  
in  v i t r o  as  a r e s u l t  o f  i n h i b i t i o n  o f  A D P - r i b o s y l a t i o n  in  
v i v o . In o r d e r  t o  t e s t  w h e t h e r  a s i m i l a r  r e s u l t  c o u l d  be  
o b t a i n e d  i n  L1210 c e l l s  a f t e r  t r e a t m e n t  w i t h  3 -a m in o b e n z -  
amide,  t h e  a c t i v i t y  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  was 
d e t e r m in e d  i n  p e r m e a b i l i z e d  c e l l s  a f t e r  v a r i o u s  t im e s  a f t e r  
th e  a d d i t i o n  o f  3 -a m in o b en za m id e  t o  c u l t u r e s .  C on trary  t o  
th e  r e s u l t s  o f  Tanuma e^  no s i g n i f i c a n t  d i f f e r e n c e  i n  
th e  a c t i v i t y  was o b s e r v e d  in  p e r m e a b i l i z e d  c e l l s .  In d ee d  
a f t e r  25 h o u rs  t h e  a c t i v i t y  in  t r e a t e d  c e l l s  was s l i g h t l y  
d e c r e a s e d  ( F i g .  2 5 ) .  I t  i s  q u e s t i o n a b l e  w h e t h e r  t h e  r e s u l t s  
in  HeLa c e l l s  are  due to  an i n c r e a s e  i n  a c c e p t o r s .  U s in g  
im m u n o lo g ic a l  t e c h n i q u e s  to  a s s a y  l e v e l s  i n  v i v o , Kun’ s
in
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h r s  a f t e r  a d d i t i o n  o f  3AB
F ig u r e  25 The e f f e c t  o f  2mM 3-am inobenzam ide  t r e a tm e n t  
in  v i v o  on th e  a c t i v i t y  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  in  
p e r m e a b i l i s e d  c e l l s .
c o n t r o l  
2mM 3AB
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group (6 9 )  and H i l z ’ s group (2 9 1 )  o b s e r v e d  i n c r e a s e s  in  
p o l y ( A D P - r i b o s e )  and m o n o-A D P -r ib ose  p r o t e i n  c o n j u g a t e s  
r e s p e c t i v e l y  i n  r a t  l i v e r  f o l l o w i n g  a d m i n i s t r a t i o n  o f  
n i c o t i n a m i d e .  F u r th e r m o r e ,  r e c e n t l y  K i d w e l l  ejt ^  have  
r e p o r t e d  t h a t  t r e a t m e n t  o f  HeLa c e l l s  w i t h  p i c o l i n i c  a c i d  
c a u s e s  an i n c r e a s e  in  b o t h  p o l y ( A D P - r i b o s e )  l e v e l s  ^  v i v o  
and in  t h e  a c t i v i t y  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  in  
p e r m e a b i l i z e d  c e l l s  ( 2 8 6 ) .  One a t t r a c t i v e  p o s s i b i l i t y  f o r  
the  d i f f e r e n c e  b e t w e e n  t h e  r e s u l t s  p r e s e n t e d  h e r e  and t h o s e  
o f  Tanuma ejL ad̂  i s  t h a t  t r e a t m e n t  w i t h  i n h i b i t o r s  o f  
p o l y  ( A D P -r ib o se )  s y n t h e t a s e  iri v i v o  ch a n g es  n u c l e a r  
s t r u c t u r e .  T h is  c o u l d  r e s u l t  i n  d i f f e r e n c e s  i n  th e  s t a t e  
o f  th e  n u c l e i  i s o l a t e d  from t r e a t e d  c e l l s  f o l l o w i n g  c e l l  
d i s r u p t i o n  by h o m o g e n i z a t i o n .  E v i d e n c e  s u p p o r t i n g  t h i s  
p o s s i b i l i t y  comes from t h e  d a t a  o f  W i e l c k i n s  ^  who 
found t h a t  a l t h o u g h  t h e  a c t i v i t y  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  was h i g h e r  i n  CLL c e l l s  than c o n t r o l  ly m p h o c y te s  
when a s s a y e d  i n  h o m o g e n a t e s , th e  i n i t i a l  a c t i v i t i e s  in  
p e r m e a b i l i z e d  c e l l s  w ere  i d e n t i c a l  ( 1 6 2 ) .
4 . 4 .  G e n er a l  D i s c u s s i o n
The l a c k  o f  a g r o s s  e f f e c t  on any o f  t h e  p a r a m e ter s  
m easured  upon t r e a t m e n t  o f  L1210 c e l l s  w i t h  2mM 3 - a m in o ­
benzam ide  i s  d i f f i c u l t  t o  r e c o n c i l e  w i t h  t h e  numerous  
r e g u l a t o r y  f u n c t i o n s  a s c r i b e d  to  A D P - r i b o s y l a t i o n  o f  
n u c l e a r  p r o t e i n s .  P o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  f i n d i n g
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are  l i s t e d  b e l o w : -
1 .  3 -Aminobenzamide does  n o t  i n h i b i t  A D P - r i b o s y l a t i o n  
o f  n u c l e a r  p r o t e i n s  iji  v i v o .
2. A D P - r i b o s y l a t i o n  i s  i n v o l v e d  i n  t h e  r e g u l a t i o n  o f  a 
f u n c t i o n  n o t  i n v e s t i g a t e d  i n  t h e  p r e s e n t  s t u d y .
3 .  A D P - r i b o s y l a t i o n  has  a r e g u l a t o r y  f u n c t i o n  on one o f  
t h e  p a r a m e te r s  i n v e s t i g a t e d  i n  normal c e l l s  b u t  t h i s  
r e g u l a t i o n  i s  a b s e n t  from L1210 c e l l s .
4 .  A D P - r i b o s y l a t i o n  r e p r e s e n t s  a c o n t r o l  mechanism b u t  
t h e  c e l l s  can  adapt  t o  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  by a n o t h e r  mechanism.
These  a r e  d i s c u s s e d  i n  g r e a t e r  d e t a i l  b e lo w .
1 .  S u i t a b i l i t y  o f  3 -a m in o b en za m id e  as  a probe  i n  v i v o
R e s u l t s  p r e s e n t e d  e a r l i e r  c l e a r l y  show t h a t  3 - a m in o ­
benzam ide  i s  an e x t r e m e l y  p o t e n t  i n h i b i t o r  o f  po ly (A D P-  
r i b o s e )  s y n t h e t a s e  iji  v i t r o  as j u d g e d  by t h e  o b s e r v e d  
d e c r e a s e  i n  t h e  i n c o r p o r a t i o n  o f  ^H-NAD i n t o  a c i d - i n s o l u b l e  
m a t e r i a l  by an e x t r a c t  from n u c l e i  i s o l a t e d  from p i g  
thymus ( S e c t i o n  3 . 3 . 1 ) ,  by i s o l a t e d  n u c l e i  from L1210 c e l l s  
and by L1210 c e l l s  made p e rm e a b le  t o  n u c l e o t i d e s  
( S e c t i o n  4 . 3 . 1 ) .  At t h e  c o n c e n t r a t i o n  o f  2mM 3 - a m in o b e n z ­
amide w h ich  was u s e d  f o r  t h e  b u lk  o f  t h e  s t u d i e s  iji  v i v o , 
t h e  r a t e  o f  A D P - r i b o s y l a t i o n  i n  p e r m e a b le  c e l l s  (w h ich  i s  
r e p o r t e d  t o  c l o s e l y  r e s e m b l e  A D P - r i b o s y l a t i o n  iji  v i v o ) was 
n o t  m e a s u r a b l e .  The c o n c e n t r a t i o n  o f  i n t r a c e l l u l a r  
3-am in ob en zam id e  r a p i d l y  a p p r o a c h e s  t h a t  o f  th e  s u r r o u n d i n g
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medium. Even a f t e r  48 h ou rs  e x p o s u r e ,  t h e  b u l k  o f  t he  
f l u o r e s c e n t  m a t e r i a l  from i n s i d e  t h e  c e l l s  m i g r a t e s  w i t h  
t he  same Rf as a u t h e n t i c  3 - a mi n ob e nz am id e  when a n a l y s e d  by  
t . l . c .  ( S e c t i o n  4 . 3 . 5 ) .  Thus i n a c t i v a t i o n  o f  t h e  i n h i b i t o r  
i n s i d e  t h e  c e l l  can be d i s c o u n t e d .
The i n c r e a s e  i n  NAD l e v e l s  i n  c e l l s  t r e a t e d  w i t h  
3 -ami nob en zam id e  i s  a good i n d i c a t i o n  t h a t  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  i s  i n h i b i t e d  iji  v i v o . The i n c r e a s e  c o u l d  a r i s e  
from e i t h e r  an i n c r e a s e d  r a t e  o f  NAD b i o s y n t h e s i s  or  a 
d e c r e a s e d  r a t e  o f  NAD h y d r o l y s i s .  A d i r e c t  e f f e c t  on NAD 
b i o s y n t h e s i s  by 3 - a m i n o b en z am i de  can be d i s c o u n t e d  b e c a u s e  
such an e f f e c t  woul d h ave  b e e n  o b s e r v e d  when NMN p y r o ­
p h o s p h o r y l a s e  or  NAD p y r o p h o s p h o r y l a s e  were  a s s a y e d  
i n  v i t r o . The m a j o r i t y  o f  NAD d e g r a d a t i o n  i n  e u k a r y o t i c  
c e l l s  has  b e e n  shown t o  o c c u r  i n  t h e  n u c l e u s  and o c c u r  v i a  
h y d r o l y s i s  o f  t h e  n i c o t i n a m i d e - r i b o s e  l i n k a g e .  Th i s  has  
prompted R e i c h s t e i n e r  ^  ^  t o  s u g g e s t  t h a t  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  i s  r e s p o n s i b l e  f o r  t h e  b u l k  o f  NAD h y d r o l y s i s  
i n  t h e  c e l l .  A f u r t h e r  i n d i c a t i o n  t h a t  3 - aminobenzamide  i s  
a c t i v e  i n s i d e  t h e  c e l l s  i s  t h e  g r e a t e r  i n h i b i t i o n  o f  
3 H - a d e n o s i n e  i n c o r p o r a t i o n  i n t o  a c i d - i n s o l u b l e  m a t e r i a l  
than e i t h e r  ^ H-t hymi di ne  or  ^ H - u r i d i n e  i n c o r p o r a t i o n  which  
s u g g e s t s  a p e r t u r b a t i o n  o f  a d e n o s i n e  m e t a b o l i s m .
The major  c r i t i c i s m  o f  t h e  p r e s e n t  s t u d y  i s  t h a t  no 
a t t e m p t  has  b e e n  made t o  show an a l t e r a t i o n  i n  l e v e l s  o f  
mono and p o l y ( A D P - r i b o s e ) - p r o t e i n  c o n j u g a t e s  i n s i d e  t h e  
c e l l .  With t h i s  r e s e r v a t i o n  b o r n e  i n  mind,  h o w e v e r ,  t h e r e
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i s  no r e a s o n  t o  s u g g e s t  t h a t  3 - ami n ob e nz am id e  i s  n o t
i n h i b i t i n g  p o l y  ( A D P - r i b o s e )  s y n t h e t a s e  ijn. v i v o .
2.  A D P - r i b o s y l a t i o n  as a m o d u l a t o r  o f  some o t h e r  f u n c t i o n
Of t h e  f u n c t i o n s  a s c r i b e d  t o  A D P - r i b o s y l a t i o n  by o t h e r  
workers  i n  t h e  f i e l d ,  an e s s e n t i a l  r o l e  i n  t h e  r e g u l a t i o n  
o f  DNA r e p l i c a t i o n  and t r a n s c r i p t i o n  can  be d i s c o u n t e d .  
Fu rt h er mo re ,  i f  A D P - r i b o s y l a t i o n  i s  i n v o l v e d  i n  a d i f f e r e n t  
f u n c t i o n ,  t h e n  t h e  l a c k  o f  an e f f e c t  on c e l l u l a r  p r o l i f e r a ­
t i o n  must  b e  k e p t  i n  mind.  A l t h o u g h  n o t  exami ned i n  t h e  
p r e s e n t  s t u d y ,  3 -a mi n ob e nz am id e  has  b e e n  shown t o  i n h i b i t  
t h e  r e p a i r  o f  DNA s t r a n d - b r e a k s  i n d u c e d  by t h e  m o n o f u n c t i o n a l  
a l k y l a t i n g  a g e n t ,  d i m e t h y l  s u l p h a t e  ( 1 9 5 ) .  T h i s ,  t o g e t h e r  
w i t h  t h e  d a t a  r e p o r t e d  i n  t he  I n t r o d u c t i o n  ( S e c t i o n  1 . 3 . 3 ) ,  
s u g g e s t s  t h a t  A D P - r i b o s y l a t i o n  i s  i n v o l v e d  i n  t h e  r e p a i r  o f  
DNA.
There has  b e e n  some c o n t r o v e r s y  as t o  w h e t h e r  a p r o c e s s  
r e s e m b l i n g  DNA r e p a i r  o c c u r s  i n  c e l l s  w h i c h  have  n o t  b ee n  
e x p o s e d  t o  a DNA damaging a g e n t .  In a d d i t i o n  t o  r e p o r t s  
showing  i n c o r p o r a t i o n  o f  ^H-t hymi di ne  i n t o  c e l l s  wh i ch  were  
n o t  u n d e r g o i n g  s e m i - c o n s e r v a t i v e  DNA r e p l i c a t i o n  ( 2 9 2 ) ,  
P a i n t e r  & Young ( 293)  found  s i g n i f i c a n t  i n c o r p o r a t i o n  o f  
^ H- bromod eo xy ur i d in e  i n t o  p a r e n t a l  s t r a n d  DNA a f t e r  
d é n a t u r a t i o n  o f  p a r e n t a l  and d a u g h t e r  s t r a n d  DNA w i t h  h e a t  
and f o r ma l d e h y d e  w i t h  s u b s e q u e n t  s e p a r a t i o n  o f  t h e  s t r a n d s  
u s i n g  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n .  I f  h owever  s e p a r a t i o n  
was p e r f o rm ed  under  a l k a l i n e  c o n d i t i o n s ,  no s uc h
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i n c o r p o r a t i o n  was o b s e r v e d  ( 2 9 4 ) .  From t h i s  i t  was 
c o n c l u d e d  t h a t  t h e  u s e  o f  h e a t  and f o r m a l d e h y d e  t o  d e n a t u r e  
p a r e n t a l  and d a u g h t e r  DNA s t r a n d s  f o l l o w e d  by c e n t r i f u g a t i o n  
under n e u t r a l  c o n d i t i o n s  l e d  t o  l i m i t e d  r e n a t u r a t i o n  o f  t h e  
two s t r a n d s .  S mi th  and Hanawal t  ( 2 9 5 ) ,  who a l s o  p er f ormed  
c e n t r i f u g a t i o n  u nd er  a l k a l i n e  c o n d i t i o n s ,  a l s o  c o n c l u d e d  
t h a t  DNA r e p a i r  d i d  n o t  o c c u r  i n  u n i r r a d i a t e d  c e l l s .  The 
c r i t e r i o n  o f  b a s e  i n c o r p o r a t i o n  i n t o  p a r e n t a l  s t r a n d  DNA 
does  n o t  p r e c l u d e  t h e  e x c i s i o n  o f  m i sm a tc h ed  b a s e  p a i r s  
from d a u g h t e r  s t r a n d  DNA a f t e r  t he  c e s s a t i o n  o f  s e m i ­
c o n s e r v a t i v e  DNA r e p l i c a t i o n .  Such a p r o c e s s  c o u l d  a c c o u n t  
f o r  t he  o b s e r v e d  i n c r e a s e  i n  p o l y  ( A D P - r i b o s e )  l e v e l s  i j i  v i v o  
d u r i n g  t h e  G2 p h a s e  o f  t h e  c e l l  c y c l e .
A l t h o u g h  i n h i b i t i o n  o f  s u c h  a p r o c e s s  m ig ht  n o t  have  
an immediat e  e f f e c t  on c e l l  p r o l i f e r a t i o n ,  i t  i s  u n c e r t a i n  
w h et h er  s u c h  a p r o c e s s  c o u l d  a c c o u n t  f o r  t h e  h i g h  r a t e  o f  
NAD t u r n o v e r  i n  e u k a r y o t i c  c e l l s .  S t r a y e r  & Boyer  (296)  
c o n c l u d e d  t h a t ,  i n  E . c o l i ,  t h e  p a r e n t a l  DNA s t r a n d  i s  
s u b j e c t  t o  a h i g h  r a t e  o f  p h o s p h o d i e s t e r  b ackbone  b re a k a g e  
and l i g a t i o n  d u r i n g  r e p l i c a t i o n  from t h e  f r e q u e n c y  o f  
i n c o r p o r a t i o n  o f  t h y m i d i n e  (1 p e r  1 0 , 0 0 0 - 2 0 , 0 0 0  r e s i d u e s ) ,  
p h o s p h a t e  (1 p e r  7 , 0 0 0  r e s i d u e s )  and ^®0, d e r i v e d  from
i n t o  p h o s p h a t e  (1 p e r  1 0 0 - 5 0 0  r e s i d u e s ) .  A h i g h  r a t e  
o f  p h o s p h o d i e s t e r  b ackbone  b r e a k a g e / l i g a t i o n  w ou ld  r e l i e v e  
t h e  s t r a i n  p r o d u c e d  by u n w i n d i n g  o f  t h e  two DNA s t r a n d s  
d u r i n g  r e p l i c a t i o n  and p o s s i b l y  t r a n s c r i p t i o n .  A l t h o u g h  t he  
d a t a  was o b t a i n e d  from E . c o l i ,  w h i c h  has  n o t  b e e n  found t o  
c o n t a i n  p o l y ( A D P - r i b o s e )  s y n t h e t a s e ,  t h e  e x i s t e n c e  o f  a
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s i m i l a r  p r o c e s s  i n  e u k a r y o t i c  c e l l s  c o u l d  be i n f e r r e d  from 
t he  f i n d i n g  o f  H i l t o n  & Walker ( 297)  t h a t  d e p l e t i o n  o f  ATP,  
n e c e s s a r y  f o r  t h e  l i g a t i o n  s t e p ,  l e a d s  to  an a c c u m u l a t i o n  o f  
s i n g l e  s t r a n d  b r e a k s  i n  t h e  DNA o f  L1210 and HeLa c e l l s .
An i n v o l v e m e n t  i n  t h e  r e g u l a t i o n  o f  e n d o n u c l e o l y t i c  a c t i v i t y  
i s  an a t t r a c t i v e '  r o l e  f o r  A D P - r i b o s y l a t i o n  i n  v i e w  o f  t he  
o b s e r v e d  m o d u l a t i o n  o f  e n d o n u c l e a s e  a c t i v i t y  by A D P - r i b o s y ­
l a t i o n  ( 5 4 , 2 9 8 , 2 9 9 ) .  The i n c r e a s e d  r a t e  o f  s i s t e r  c hr o m a t i d  
e x c h a n g e s  i n d u c e d  by n i c o t i n a m i d e  ( 3 0 0)  and t h e  i n c r e a s e  i n  
chromosomal  a b n o r m a l i t i e s  i n  pr i ma ry  mongoose k i d n e y  
c u l t u r e s  upon t r e a t m e n t  w i t h  benzamide  (301)  i s  a l s o  
c o n s i s t e n t  w i t h  t h e  i n v o l v e m e n t  o f  A D P - r i b o s y l a t i o n  i n  e n d o ­
n u c l e o l y t i c  a c t i v i t y .
3.  L1210 c e l l s  as a model  f o r  t he  s t u d y  o f
A D P - r i b o s y l a t i o n  i n  v i v o
A l t h o u g h  L1210 c e l l s  are  a t t r a c t i v e  as a model  s y s t e m  
i n  t erms  o f  t h e  e a s e  w i t h  wh ic h  t h e y  can be m a n i p u l a t e d ,  
t h e i r  v e r y  n a t u r e  as c a n c e r  c e l l s  may p r e s e n t  d i f f i c u l t i e s .  
A D P - r i b o s y l a t i o n  o f  n u c l e a r  p r o t e i n s  may r e p r e s e n t  a 
r e g u l a t o r y  mechanism i n  normal  c e l l s  b u t  t h e  p r o c e s s  o f  
t r a n s f o r m a t i o n  may h a ve  b y - p a s s e d  s uc h  a mechanism.
S u g i m u r a ' s  group h as  o b s e r v e d  d i f f e r e n c e s  i n  g r o s s  l e v e l s  
o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  a c t i v i t y  and t h e  a c t i v i t y  
t hro ug h t h e  growt h c y c l e  when SV40 t r a n s f o r m e d  c e l l  l i n e s  
are  compared t o  n o n - t r a n s f o r m e d  c e l l  l i n e s  ( 1 5 4 ) .  F u r t h e r  
e v i d e n c e  f o r  s u c h  a p o s s i b i l i t y  i s  t h a t  p r o l i f e r a t i o n  o f  
human l y m p h o c y t e s  f o l l o w i n g  t r e a t m e n t  w i t h  p h y t o h a e m a g g l u t i n i n
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i s  i n h i b i t e d  a t  h i g h  l e v e l s  o f  n i c o t i n a m i d e  ( 3 0 2 ) .
The o b s e r v a t i o n  t h a t  i n h i b i t o r s  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  i n d u c e  d i f f e r e n t i a t i o n  o f  F r i e n d  c e l l s  ( 2 1 5 , 3 0 3 )  
and i n h i b i t  t h e  d i f f e r e n t i a t i o n  o f  c h i c k  embryo m y o b l a s t s  
(304)  s u g g e s t s  t h a t  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  may be  
i n v o l v e d  i n  t h e  p r o c e s s  o f  gene  e x p r e s s i o n .  I f  f l u c t u a t i o n s  
i n  t h e  t u r n o v e r  or  g r o s s  l e v e l s  o f  A D P - r i b o s y l a t e d  p r o t e i n s  
o n l y  s e r v e s  t o  a c t i v a t e  o r  r e p r e s s  c e r t a i n  g e n e s ,  b u t  n o t  t o  
m a i n t a i n  t h e i r  t r a n s c r i p t i o n ,  and i f  t h e s e  g e n e s  are  
s w i t c h e d  on o r  o f f  i n  L1210 c e l l s ,  t hen  i n h i b i t i o n  o f  
p o l y ( A D P - s i b o s e )  s y n t h e t a s e  wo ul d  n o t  a f f e c t  t h e i r  growth.  
A l t e r n a t i v e l y  i f  o n l y  a s m a l l  number o f  g e n e s  are  r e g u l a t e d  
by A D P - r i b o s y l a t i o n  t h e n  t h e i r  a c t i v a t i o n  o r  r e p r e s s i o n  by  
A D P - r i b o s y l a t i o n  w ou ld  n o t  be d e t e c t e d  by t h e  i n c o r p o r a t i o n  
o f  p r e c u r s o r s  i n t o  m a c r o m o l e c u l e s .
4 .  A d a p t a t i o n  by o t h e r  p r o c e s s e s  t o  i n h i b i t i o n  o f  
A D P - r i b o s y l a t i o n
To d i s c u s s  s uc h  a p r o p o s i t i o n ,  one s h o u l d  c o n s i d e r  t h e  
ways i n  w h i c h  A D P - r i b o s y l a t i o n  c o u l d  e x e r t  an i n f l u e n c e  and 
th en  examine  a l t e r n a t i v e  mechanisms  by w h i ch  t h e  c e l l  c o u l d  
a c h i e v e  a s i m i l a r  en d.
(a)  I n h i b i t i o n  o f  an enzyme
I f  A D P - r i b o s y l a t i o n  e x e r t s  i t s  a c t i o n  by e i t h e r  d i r e c t  
m o d i f i c a t i o n  o f  an e n z y m e ' s  a c t i v e  s i t e  or  by a n o n - c o v a l e n t  
mechanism,  t h en  t r e a t m e n t  w i t h  3 -a mi n ob e nz am id e  w o u l d  be  
e x p e c t e d  t o  i n c r e a s e  t h e  a c t i v i t y .   ̂ The a c t i v i t y  c o u l d  be
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d e c r e a s e d  by e n ha n c e d  p r o t e o l y t i c  d e g r a d a t i o n  s i n c e  poly(ADP-  
r i b o s e )  i s  known t o  i n h i b i t  a n u c l e a r  p r o t e a s e .  Circum­
s t a n t i a l  e v i d e n c e  s u p p o r t s  such a h y p o t h e s i s  i n  t h e  c a s e  o f  
RNA p o l y m e r a s e  1.  As s t a t e d  i n  t he  I n t r o d u c t i o n ,
RNA p o l y m e r a s e  1 i s  t h o u g h t  t o  be i n h i b i t e d  by A D P - r i b o s y l a -  
t i o n .  In r a t  l i v e r ,  i t  h a s  b een  shown t h a t  RNA p o l y m e r a s e  1 
has  an e x t r e m e l y  s h o r t  h a l f  l i f e  ( 3 0 5 ) .  Furthermore  
t r e a t m e n t  o f  r a t s  w i t h  h y d r o c o r t i s o n e  o r  i s o b u t y l m e t h y l -  
x a n t h i n e , b o t h  o f  wh ich  d e c r e a s e  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
a c t i v i t y  ( 3 0 6 , 9 9 ) ,  r e s u l t s  i n  a t r a n s i e n t  s t i m u l a t i o n  o f  RNA 
p o l y m e r a s e  1 a c t i v i t y  and t h i s  en ha n ce d  a c t i v i t y  i s  
e x t r e m e l y  s e n s i t i v e  t o  p r o t e o l y t i c  d i g e s t i o n  ( 3 0 7 ) .
The p o s s i b i l i t y  t h a t  f r e e ,  r a t h e r  than p r o t e i n  bound,  
p o l y ( A D P - r i b o s e )  may be i m p o r t a n t  i n  t h e  r e g u l a t i o n  o f  
c e l l u l a r  f u n c t i o n  i s  s u g g e s t e d  by t h e  f i n d i n g  t h a t  f r e e  
p o l y ( A D P - r i b o s e )  i s  a b l e  t o  i n d u c e  t h e  d i f f e r e n t i a t i o n  o f  
mouse m y e l o i d  l e u k a e m i c  c e l l s  i n t o  macrophages  o r  
g r a n u l o c y t e s  ( 2 1 6 ) .
(b) A c c e s s i b i l i t y  o f  DNA t o  enzymes  
I f  A D P - r i b o s y l a t i o n  o f  n u c l e a r  p r o t e i n s  s e r v e s  t o  
d e c r e a s e  t h e i r  a f f i n i t y  f o r  DNA and t h e r e b y  e x p o s i n g  t h e  
DNA t o  e n z y m a t i c  a t t a c k ,  i n h i b i t i o n  o f  p o l y ( A D P - r i b o s e )  
s y n t h e t a s e  would  r e s u l t  i n  t i g h t e r  b i n d i n g  t o  DNA. T h i s  
may be c o m pe n s at e d  f o r  by e n h a nc ed  p r o t e o l y s i s  a s  a r e s u l t  
o f  l o w e r e d  p o l y ( A D P - r i b o s e ) l e v e l s  ( s e e  a b o v e ) .
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( c)  Chromatin c o n d e n s a t i o n
The o b s e r v a t i o n  t h a t  a d m i n i s t r a t i o n  o f  i n h i b i t o r s  o f  
p o l y ( A D P - r i b o s e )  s y n t h e t a s e  t o  r a t s  r e s u l t s  i n  a r i s e  i n  
t he  a c t i v i t y  o f  o r n i t h i n e  d e c a r b o x y l a s e  i n  l i v e r  and b r a i n  
r a i s e s  t h e  p o s s i b i l i t y  t h a t  d e c r e a s e d  c hr om at in  
c o n d e n s a t i o n ,  n o r m a l l y  r e g u l a t e d  by A D P - r i b o s y l a t i o n , may 
be co mp en sa t ed  f o r  by an i n c r e a s e  i n  p o l y a m i n e  l e v e l s .
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5 .  CONCLUSIONS
The o b j e c t i v e  o f  t h i s  work was t o  f i n d  a p h y s i o l o ­
g i c a l l y  s p e c i f i c  i n h i b i t o r  o f  p o l y ( A D P - r i b o s e )  s y n t h e t a s e  
and u s e  i t  a s  a probe  i n  v i v o  t o  d e t e r m i n e  t h e  f u n c t i o n  
o f  A D P - r i b o s y l a t i o n .  The p r o j e c t  was a c o m p l e t e  s u c c e s s  
i n  t h a t  one  o f  t h e  new compounds s c r e e n e d  v i z .  3-aminobenzamide  
was shown t o  be n o t  o n l y  more s p e c i f i c  i n  i t s  a c t i o n  
t ha n any p r e v i o u s l y  d e s c r i b e d  i n h i b i t o r  b ut  i t ,  t o g e t h e r  
w i t h  a v a r i e t y  o f  o t h e r  b e n z a m i d e s ,  was a l s o  a much more 
p o t e n t  i n h i b i t o r  t han  t h o s e  u s e d  p r e v i o u s l y .
Though t h e  d a t a  o b t a i n e d  from s t u d i e s  i n  v i v o  d i d  
n o t  r e v e a l  t h e  e x a c t  f u n c t i o n  o f  A D P - r i b o s y l a t i o n  v a l u a b l e  
i n s i g h t  i n t o  t h e  p o s s i b l e  b i o l o g i c a l  r o l e s  o f  p r o t e i n  
A D P - r i b o s y l a t i o n  was o b t a i n e d .  I t  was shown t h a t  3-  
aminobenzamide was a b l e  t o  e n t e r  L1210 c e l l s  a t  c o n c e n t r a t i o n s  
s u f f i c i e n t  t o  c o m p l e t e l y  i n h i b i t  A D P - r i b o s y l a t i o n  i n  
p e r m e a b l i z e d  c e l l s .  Treatment  o f  L1210 c e l l s  w i t h  2 mM 
3-aminobenzamide  had no o b s e r v a b l e  e f f e c t  on p a ra me te rs  
s uc h  a s  t h e  r a t e  o f  p r o l i f e r a t i o n  and i n c o r p o r a t i o n  o f  
r a d i o a c t i v e  t h y m i d i n e  o r  u r i d i n e  i n t o  m a c r o m o l e c u l e s .  
I n c o r p o r a t i o n  o f  r a d i o a c t i v e  l e u c i n e  was t r a n s i e n t l y
3
s t i m u l a t e d .  The f i n d i n g  t h a t  H - a d e n o s i n e  i n c o r p o r a t i o n  
was s l i g h t l y  i n h i b i t e d  can be e x p l a i n e d  by a d e c r e a s e  i n  
t h e  r a t e  o f  ATP t u r n o v e r  as  a c on s e q u e n c e  o f  i n h i b i t i o n  
o f  NAD d e g r a d a t i o n  v i a  p o l y ( A D P - r i b o s e )  s y n t h e t a s e .  The 
i n c r e a s e  i n  i n t r a c e l l u l a r  NAD l e v e l s  f o l l o w i n g  3-aminobenzamide  
t r e a t m e n t  s u p p o r t s  such an e x p l a n a t i o n .
• —  107  —
D e s p i t e  t h e  l a c k  o f  p o s i t i v e  r e s u l t s  from s t u d i e s  
i n  v i v o , t h e  i n f o r m a t i o n  o b t a i n e d  i s  v a l u a b l e  i n  t h a t  ADP- 
r i b o s y l a t i o n  c a n n o t  have  a major  r e g u l a t o r y  r o l e  i n  
p r o c e s s e s  such as  c e l l  p r o l i f e r a t i o n ,  t h e  c e l l  c y c l e ,  DNA 
r e p l i c a t i o n  and DNA t r a n s c r i p t i o n .
The r o l e  o f  A D P - r i b o s y l a t i o n  c a n n o t  be e l u c i d a t e d  
from t h e  f i n d i n g s  p r e s e n t e d  h e r e  b u t  d a t a  from S h a l l ' s 
l a b  has  shown t h a t  3 -aminobenzamide  i n h i b i t s  DNA r e p a i r  
and m y o b l a s t  d i f f e r e n t i a t i o n  ( 1 95 ,  3 0 4 ) .  Thus,  i n  c o n c l u s i o n ,  
t h e  u s e  o f  3 -aminobenzamide as  an i n h i b i t o r  o f  poly(ADP-  
r i b o s e )  s y n t h e t a s e  has  a l r e a d y  p r o v i d e d  v a l u a b l e  i n f o r m a t i o n  
as  t o  t h e  r o l e  o f  A D P - r i b o s y l a t i o n  and w i l l  a l m o s t  c e r t a i n l y  
y i e l d  more i n  t h e  f u t u r e .
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SECTION 7
APPENDIX
SEPARATION OF THIOL-CONTAINING PROTEINS 
AND ANALYSIS OF ADP-RIBOSYLATION
( p e rf or me d  i n  c o - o p e r a t i o n  w i t h  Dr P.  R. S t o n e )
- 1 -
FRACTIONATION OF IN VITRO ADP-RIBOSYLATED NUCLEAR PROTEINS 
USING PYRIDYL DISULPHIDE SEPHARQSE CHROMATOGRAPHY 
Michae l  R. P u r n e l l ,  P e t e r  R. Stone  and W ill iam J .D .  Whish,  
Depar tmen t o f  B io c h e m i s t ry ,  School  of  B i o l o g i c a l  S c i e n c e s ,  
U n i v e r s i t y  o f  Ba th ,  C la v e r t o n  Down, Bath BA2 7AY, England .
ABSTRACT
P ig  thymus n u c l e i  and 0.5M NaCl e x t r a c t s  o f  t h e s e  n u c l e i  were in c u b a te d  
w i t h  P h ] nAD and th e  p r o t e i n  s u b s e q u e n t l y  f r a c t i o n a t e d  by c o v a l e n t  t h i o l -  
d i s u l p h i d e  exchange ch romatography .  The e x t e n t  o f  A D P - r ib o s y l a t i o n  o f  such 
f r a c t i o n a t e d  t h i o l  and n o n - t h i o l  c o n t a i n i n g  p r o t e i n s  was s t u d i e d  u s i n g  SDS- 
p o ly a c r y l a m id e  g e l  e l e c t r o p h o r e s i s .  D i f f e r e n c e s  i n  t h e  A D P - r ib o s y la t io n  of  
t h e s e  two f a m i l i e s  o f  p r o t e i n s  were s e e n .  F u r th e rm o re ,  d i f f e r e n c e s  i n  t h e  
hydroxylam ine  s e n s i t i v i t i e s  o f  t h e  ADP-r ibose p r o t e i n  l i n k a g e s  were obse rved  
when a n a ly s e d  u s in g  a f i l t e r  d i s c  a s s a y .  This  f i n d i n g  was conf i rm ed  u s in g  
g e l  e l e c t r o p h o r e s i s .
Running T i t l e :  F r a c t i o n a t i o n  o f  ADP-r ibose p r o t e i n s .
S u b je c t  Ca tego ry :  Chromatographic  and E l e c t r o p h o r e t i c  Techniques
“ 2 —
FOOTNOTES
1. A b b r e v i a t i o n s  u s e d :  ADP-r ibose ,  a d e n o s in e  d ip h o s p h a t e  r i b o s e ;
HMG p r o t e i n s ,  h ig h  m o b i l i t y  group p r o t e i n s ;  PPO, 2 , 5 - d i p h e n y l o x a z o l e ; 
SDS, sodium dodecy l  s u l p h a t e ;  TCA, t r i c h l o r o a c e t i c  a c i d .
Tn o r d e r  t o  d e t e r m in e  th e  b i o l o g i c a l  s i g n i f i c a n c e  o f  p o ly  ADP-ribose^ 
s y n t h e s i s  and A D P - r i b o s y ] a t i o n  of  n u c l e a r  p r o t e i n s  ( f o r  a r e c e n t  r ev ie w  see 
( 1 ) )  i t  i s  c l e a r l y  n e c e s s a r y  t o  i d e n t i f y  and c h a r a c t e r i s e  t h o s e  p r o t e i n s  
which a r e  A D P - r i b o s y l a t e d . To d a t e  s e v e r a l  methods have been  used  to  
r e s o l v e  t h e  p o s s i b l e  a c c e p t o r  p r o t e i n s  i n c l u d i n g  C sC l-equ i l  ib r iu m  d e n s i t y  
g r a d i e n t  c e n t r i f u g a t i o n  fo l l o w e d  by h y d r o x y a p a t i t e  ch rom a tography  and two- 
d im e n s io n a l  g e l  e l e c t r o p h o r e s i s  (2)  and s e p a r a t i o n  of  A D P - r ib o s y l a t e d  
p r o t e i n s  f rom non - rao d i f i ed  p r o t e i n s  by a f f i n i t y  chrom atography  on b o r o n a t e  
columns ( 3 - 5 ) .  I s o l a t i o n  and a n a l y s i s  o f  s p e c i f i c  c l a s s e s  o f  n u c l e a r  
p r o t e i n s  eg ,  h i s t o n e s  and t h e  h i g h  m o b i l i t y  group n o n - h i s t o n e  p r o t e i n s  (HMG) 
h a s  been  t h e  most  commonly used  app roac h  beca u se  of  t h e  r e l a t i v e  ea se  w i th  
which  such  p r o t e i n s  c a n  be p u r i f i e d  ( 1 , 6 , 7 ) .  However,  such methodology may 
n o t  be c o m p l e t e l y  s a t i s f a c t o r y  s i n c e  i t  has  r e c e n t l y  been  shown t h a t  t h e  
c h r o m a to g ra p h ic  and e l e c t r o p h o r e t i c  p r o p e r t i e s  of  the  h i s t o n e s  and non­
h i s t o n e s  a r e  d r a s t i c a l l y  a l t e r e d  when such p r o t e i n s  a r e  A D P - r ib o s y l a t e d  ( 5 ) .  
In d eed ,  most  o f  t h e  A D P - r ih o s y l a t e d  h i s t o n e s  s y n t h e s i s e d  i n  v i t r o  in  E h r l i c h  
a s c i t e s  tumour c e l l s  a p p e a re d  in  t h e  n o n - h i s t o n e  p r o t e i n  f r a c t i o n  when 
s e p a r a t e d  u s i n g  Bio-Rex 70 ch rom atography  ( 5 ) .  In  o r d e r  t o  a v o id  such 
p o s s i b l e  c o m p l i c a t i o n s  we have  employed a d i f f e r e n t  m e thodo logy ,  which  i s  
n o t  i n f l u e n c e d  by  A D P - r i b o s y l a t i o n  o f  p r o t e i n s ,  to  f r a c t i o n a t e  n u c l e a r  
p r o t e i n s .  Using  c o v a l e n t  ch rom a tography  by t h i o l - d i s u l p h i d e  exchange  (8) 
we have f r a c t i o n a t e d  n u c l e a r  p r o t e i n s  i n t o  t h i o l  and n o n - t h i o l  c o n t a i n i n g  
f r a c t i o n s .  I t  i s  t h i s  me thodo logy  and t h e  p r e l i m i n a r y  a n a l y s i s  o f  t h e  
A D P - r i b o s y l a t i o n  o f  t h e s e  two p r o t e i n  f r a c t i o n s  which we w is h  t o  p r e s e n t  
i n  t h i s  r e p o r t .
MATERIALS AND METHODS 
[Adenosine-^l{]  N.AD (ImCi/ ra l ,  20mCi/ymol e s )  was s y n t h e s i s e d  from [^u] ATP 
(R a d io c h e m ic a l  C e n t r e ,  Amershara) by t h e  method of  Ohtsu and N i s h i z u k a  ( 9 ) .  
Scpharose-AB was o b t a i n e d  from P ha rm ac ia ,  e p i c h l o r o h y d r i n  f rom F i s o n s
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L a b o r a t o r i e s  and 2 , 2 * - d i p y r i d y l  d i s u l p h i d e  from Sigma Chemical Company. 
I s o l a t i o n  of  P ig  Thymus N u c l e i : The i s o l a t i o n  was performed as  d e s c r ib e d  
by Khan and S h a l l  ( 1 0 ) .
P r e p a r a t i o n  o f  0.5M NaCl E x t r a c t : The e x t r a c t  was p r e p a re d  as p r e v i o u s l y  
d e s c r i b e d  ( 1 1 ) .
P r e p a r a t i o n  of  P y r i d y l  D i s u lp h id e  S e p h a r o s e : Sepharose-4B was a c t i v a t e d  
w i th  e p i c h l o r o h y d r i n  and the  p y r i d y l  d i s u l p h i d e  d e r i v a t i v e  s y n t h e s i s e d  
u s in g  2 , 2 ' - d i p r i d y l  d i s u l p h i d e  as  d e s c r i b e d  by Axen e t  a l  ( 1 2 ) .
I n c o r p o r a t i o n  o f  [^I^NAD: Samples (200yl  of  n u c l e i  o r  0.5M NaCl e x t r a c t )  
were in c u b a te d  a t  26°C f o r  5 m in u te s  w i t h  50ylpH]NAD i n  a t o t a l  volume of  
1ml which c o n t a i n e d  ImM d i t h i o t h r e i t o l , lOmM MgCl^, 50mM t r i e th a n o l a m i n e / H C l  
pH 8 . 2 .  Then 4ml " u r e a  b u f f e r "  (5M u r e a ,  2M KCl, ImM EDTA, 50mM sodium 
a c e t a t e  pH 6) were added and t h e  sample mixed th o r o u g h l y .  For l a r g e r  s c a l e  
i n c u b a t i o n s  th e  sam ples ,  f o l l o w i n g  i n c u b a t i o n ,  were p r e c i p i t a t e d  w i th  20% 
TCA(^y^) ( f i n a l  c o n c e n t r a t i o n )  and c e n t r i f u g e d  and washed w i th  e t h a n o l  p r i o r  
to  s o l u b i l i s a t i o n  i n  " u r e a  b u f f e r " .
Py r i d y l  D i s u lp h id e  Sepharose  Chromatography:  3ml of  t h e  sample were mixed
w i th  3ml Cpacked volume) of  t h e  s e p h a ro s e  which had been  e q u i l i b r a t e d  i n  
" u r e a  b u f f e r " .  The m i x t u r e  was l e f t  f o r  a t  l e a s t  30 m inu tes  a t  room 
t e m p e r a t u r e  and mixed o c c a s i o n a l l y .  The sample was the n  poured  i n t o  a 
sm al l  column (1cm, d i a m e t e r )  and washed w i t h  5ml volume of  u r e a  b u f f e r ,
5ml f r a c t i o n s  were c o l l e c t e d  and 50yl  a l i q u o t s  t a k e n  f o r  d e t e r m i n a t i o n  of  
r a d i o a c t i v i t y .  When no more r a d i o a c t i v i t y  e l u t e d  2.5ml u r e a  b u f f e r  
c o n t a i n i n g  0.5M 2 - m e r c a p to e t h a n o l  were a p p l i e d  t o  th e  column which was l e f t  
f o r  40 m inu te s  a t  room t e m p e r a t u r e .  The column was t h e n  e l u t e d  w i th  2.5ml 
volumes o f  u r e a  b u f f e r  -  0.5M 2 -m e rc a p to e th a n o l  and 2.5ml f r a c t i o n s  
c o l l e c t e d  u n t i l  a l l  t h e  r a d i o a c t i v i t y  had e l u t e d .  The e l u t e d  f r a c t i o n s  
were a n a l y s e d  f o r  t o t a l  r a d i o a c t i v i t y  by c o u n t in g  50yl a l i q u o t s  i n  0.5% 
PPO-70% to luene-30% t r i t o n  X-100,  f o r  a c i d  p r e c i p i t a t a b l e  r a d i o a c t i v i t y
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u s in g  the f i l t e r  d i s c  a s s a y  as p r e v i o u s l y  d e s c r i b e d  ex c e p t  t h a t  a l l  TCA 
washes were 20% ( ^ / ^ )  TCA (11) and f o r  p r o t e i n  c o n t e n t  u s i n g  t h e  Coomassie 
Blue G-250 method o f  Sedmak and G rossberg  (1 3 ) .
A n a ly s i s  o f  P y r i d y l  D is u lp h id e  Sepharose  F r a c t i o n s : The p o o le d  f r a c t i o n s  
from t h e  column were p r e c i p i t a t e d  w i t h  25% TCA ( f i n a l  c o n c e n t r a t i o n )  and 
l e f t  on i c e  f o r  4 hours  b e f o r e  c e n t r i f u g i n g  (20 m i n u te s ,  10,000xg)  and 
wash ing  tw ic e  w i th  20% TCA and tw ic e  w i t h  e t h a n o l .  A l i q u o t s  of  t h e  
u n f r a c t i o n a t e d  samples p r i o r  to  th e  column chromatography  were a l s o  t r e a t e d  
i n  t h e  same way.  A l i q u o t s  o f  t h e  p r e c i p i t a t e d  washed p r o t e i n  samples 
(10-50yg)  t r e a t e d  -0.4M NĤ OH pH 7 f o r  30 m inu tes  a t  37°C were a n a l y s e d  on 
SDS p o ly a c r y l a m id e  g e l s  e s s e n t i a l l y  as  d e s c r i b e d  by Weber and Osborn (14) 
e x c e p t  t h a t  t h e  g e l s  were 7.5% a c r y l a m i d e ,  t h e  pH of  the  ph o s p h a te  b u f f e r  
was 6 . 3  and 5M u r e a  was i n c lu d e d  i n  a l l  s o l u t i o n s .  The g e l s  were s l i c e d  
and t h e  r a d i o a c t i v i t y  de te rm ined  u s i n g  t h e  o n e - s t e p  p ro c e d u re  o f  Aloyo ( 1 5 ) .
RESULTS AND DISCUSSION
As f a r  as  we a r e  aware,  c o v a l e n t  t h i o l - d i s u l p h i d e  exchange column 
chromatography  (8) has  n o t  been  a p p l i e d  to  t h e  a n a l y s i s  o f  t o t a l  n u c l e a r  
p r o t e i n s  and i n  p a r t i c u l a r  t o  A D P - r ib o s y la ted  n u c l e a r  p r o t e i n s .  Such a 
method has  many adv an tag es  amongst which a r e  t h e  a b i l i t y  t o  pe r fo rm  
s e p a r a t i o n s  under  c o n d i t i o n s  which f a v o u r  th e  s t a b i l i t y  o f  A DP-r ibose-  
p r o t e i n  c o n j u g a t e s  i e ,  low pH and d e n a t u r i n g  c o n d i t i o n s .  F u r th e rm o re ,  u n l i k e  
o t h e r  p r o t e i n  s e p a r a t i o n  t e c h n iq u e s  r o u t i n e l y  employed,  t h e  m o d i f i c a t i o n  o f  
p r o t e i n s  by A D P - r ib o s y l a t i o n  sh o u ld  have  no e f f e c t  on th e  f r a c t i o n a t i o n .  We 
have a p p l i e d  such  a ch ro m a to g rap h ic  p ro c e d u re  t o  an a n a l y s i s  of  A D P - r ib o s y la ted  
n u c l e a r  p r o t e i n s  from p i g  thymus.
A f t e r  u s i n g  t h e  s t a n d a r d  i n c u b a t i o n  c o n d i t i o n s  f o r  A D P - r ib o s y l a t i o n  of  
n u c l e a r  p r o t e i n s  as  o u t l i n e d  i n  M a t e r i a l s  and Methods i t  was obse rved  t h a t  a 
p r o p o r t i o n  o f  t h e  a c i d - i n s o l u b l e  r a d i o a c t i v i t y  remained  bound t o  2 - p y r i d y l  
d i s u l p h i d e  Sepharose  and which co u ld  o n ly  be  e l u t e d  w i th  2 -m e rc a p to e th a n o l
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or  d i t h i o t h r e i t o l .  The k i n e t i c s  of  such  b i n d i n g  a r e  shown i n  F i g .  1 and 
i t  can be seen  t h a t  b i n d i n g  i s  com ple te  i n  20 m i n u te s .  This  m a t e r i a l  
r e p r e s e n t s  t h i o l  p r o t e i n - b o u n d  [^l^mono o r  o l i g o  (ADP-ribose)  b ecause  i n  
c o n t r o l  e x p e r i m e n t s  i n  which n u c l e i  were  in c u b a t e d  w i t h  pI^NAD in  t h e  
p r e s e n c e  of  3-aminobenzam ide , an e x t r e m e ly  p o t e n t  i n h i b i t o r  o f  poly(ADP- 
r i b o s e )  s y n t h e t a s e  (1 1 ) ,  no r a d i o a c t i v i t y  remained  bound to  t h e  column 
( d a t a  no t  shown) . I n c u b a t i o n  o f  p ig  thymus n u c l e i  w i th  []̂ h] nAD fo l lo w ed  
by s o l u b i l i s a t i o n  and c o v à l e n t  chromatography g iv e s  an e l u t i o n  p r o f i l e  as  
seen  i n  F i g .  2 .  The p r o t e i n  c o n t e n t  ( F ig .  2A) i n d i c a t e s  t h a t  a p p ro x im a te ly  
14% o f  t h e  t o t a l  n u c l e a r  p r o t e i n  c o n t a i n s  f r e e  t h i o l  g ro u p s .  The same 
d i s t r i b u t i o n  o f  p r o t e i n  be tween  t h e  t h i o l  and n o n - t h i o l  p r o t e i n  f r a c t i o n s ,  
which r e p r e s e n t s  a q u a n t i t a t i v e  r e c o v e ry  o f  t o t a l  p r o t e i n  a p p l i e d ,  was 
a l s o  seen  when p r o t e i n s  from n u c l e i  in c u b a te d  i n  t h e  absence  o f  any [pI^NAD 
were chromatographed  ( d a t a  no t  shown) . A n a l y s i s  o f  th e  t o t a l  r a d i o a c t i v i t y  
in  th e  e l u t e d  f r a c t i o n s  (F ig .  2B) r e v e a l s  t h a t  t h e  m a j o r i t y  o f  t h e  l a b e l  i s  
not  r e t a i n e d  and r e p r e s e n t s  pl^NAD and [^h]ADP-r i b o s y l a t e d  p r o t e i n s  which do 
not  c o n t a i n  a f r e e  t h i o l .  However, a peak o f  r a d i o a c t i v i t y  i s  r e t a i n e d  on 
t h e  column which  e l u t e s  w i th  0.5M 2 -m e rc a p to e th a n o l  and r e p r e s e n t s  (plf]ADP- 
r i b o s y l a t e d  t h i o l  c o n t a i n i n g  p r o t e i n s .  The e x t e n t  o f  A D P - r i b o s y l a t i o n  o f  b o th  
t h e  t h i o l  and n o n - t h i o l  p r o t e i n s  was d e t e rm in e d  by a n a l y s i s  o f  t h e  a c i d -  
i n s o l u b l e  r a d i o a c t i v i t y  ( i e ,  p r o t e i n  bound ADP-r ibose)  i n  each  o f  t h e  f r a c t i o n s  
(F ig .  2C) . I t  i s  s e e n  t h a t  a p p r o x im a te ly  30% of  t h e  [^h]] ADP-r ibo se 
i n c o r p o r a t e d  i n  n u c l e i  i s  a t t a c h e d  t o  p r o t e i n s  which c o n t a i n  a  t h i o l  group  and 
th u s  r e t a i n e d  on t h e  column. The r e s u l t s  o b t a i n e d  u s in g  i s o l a t e d  n u c l e i  a r e  
summarised i n  T ab le  1 .  I t  i s  n o te w o r th y  t h a t  t h e  e x t e n t  of  A D P - r ib o s y l a t i o n  
i s  g r e a t e r  i n  t h e  t h i o l  c o n t a i n i n g  p r o t e i n s  as  ev idenced  by a 2 .5  f o l d  h i g h e r  
s p e c i f i c  a c t i v i t y  o f  p r o t e i n  bound ADP-r ibose i n  t h i s  f r a c t i o n .  The
s p e c i f i c  a c t i v i t y  o f  t h e  two f r a c t i o n s  o f  p r o t e i n s  i s o l a t e d  from a 0.5M NaCl 
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F i g . 1 K i n e t i c s  o f  b i n d i n g  o f  [^h]ADP-r i b o s y l a t e d  t h i o l  p r o t e i n s  t o  p y r i d y l  
d i s u l p h i d e  S e p h a ro s e .  2ml of  a s o l u b i l i s e d  0.5M NaCl n u c l e a r  e x t r a c t  
which had been in c u b a te d  w i th  [pl^NAD and p ro c e s s e d  a s  i n  M a t e r i a l s  
and Methods was mixed w i th  2ml packed p y r i d y l  d i s u l p h i d e  S epharose .
At v a r i o u s  t im e s  200yl  a l i q u o t s  were t a k e n  and f i l t e r e d  on a GF/C 
g l a s s  f i b r e  f i l t e r  which was t h e n  p la c e d  i n  3ml u r e a  b u f f e r  -  0.5M
2 -m e rc a p to e th a n o l  and l e f t  f o r  45 m in u te s  a t  room t e m p e r a t u r e  b e f o r e  
c e n t r i f u g i n g  and c o u n t in g  0.5ml a l i q u o t s  o f  t h e  s u p e r n a t a n t  f o r  
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F i g .  2 E l u t i o n  p r o f i l e  o f  n u c l e a r  p r o t e i n s  on p y r i d y l  d i s u l p h i d e  Sepharose .
3ml o f  a s o l u b i l i s e d  n u c l e a r  p r e p a r a t i o n  which had p r e v i o u s l y  been  
i n c u b a t e d  w i t h  [pï^NAD was chromatographed as d e s c r i b e d  i n  M a t e r i a l s  
and Methods .  5 x 5ml f r a c t i o n s  were c o l l e c t e d  b e f o r e  e l u t i n g  w i th  
2.5ml volumes  o f  u r e a  b u f f e r  -  0.5M 2 - m e r c a p to e t h a n o l .  A: P r o t e i n ,  
B: T o t a l  r a d i o a c t i v i t y ,  C: A c o d - i n s o l u b l e  r a d i o a c t i v i t y .
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The s p e c i f i c  a c t i v i t y  o f  t h e  two f r a c t i o n s  of  p r o t e i n s  i s o l a t e d  from 0.5M 
NaCl n u c l e a r  e x t r a c t  which had been  in c u b a te d  w i th  [^l^NAD i s  more th a n  2 0 - f o l d  
g r e a t e r  t h a n  t h e  c o r r e s p o n d in g  f r a c t i o n s  from n u c l e i .  Such an i n c r e a s e  in  
s p e c i f i c  a c t i v i t y  may a r i s e  from e i t h e r  i n c r e a s e d  A D P - r ib o s y l a t i o n  in  t h e  0.5M 
NaCl e x t r a c t  o r  an  en r ichm en t  o f  t h e  a c c e p t o r  p r o t e i n s  in  t h i s  e x t r a c t .  We 
a r e  c u r r e n t l y  i n v e s t i g a t i n g  t h e s e  p o s s i b i l i t i e s .
I t  has  been  e s t a b l i s h e d  t h a t  mono and p o ly  ADP-r ibose  i s  c o v a l e n t l y  a t t a c h e d  
to  p r o t e i n s  v i a  two l i n k a g e s  on ly  one o f  which i s  h y d ro ly s e d  by n e u t r a l  h y d r o x y l ­
amine,  Thus,  we have a n a ly s e d  t h e  l a b i l i t y  o f  t h e  ADP-r ibose  p r o t e i n  
c o n j u g a t e s  i n  each  o f  t h e  p r o t e i n  f r a c t i o n s  towards  hydroxylam ine  and NaOH, 
which q u a n t i t a t i v e l y  h y d r o l y s e s  a l l  ADP-r ibose p r o t e i n  c o n j u g a t e s  ( 1 6 ) .  T ab le  
2 summarises t h e  r e s u l t s  o b t a i n e d  f o r  a l l  t h e  f r a c t i o n s .  For  p r o t e i n s  
f r a c t i o n a t e d  from n u c l e i ,  t h e  s e n s i t i v i t y  towards  NaOH i s  e q u a l  i n  b o th  
f r a c t i o n s ,  whereas  hydroxylamine  s e n s i t i v i t y  o f  t h e  c o n j u g a t e s  from t h e  t h i o l  
p r o t e i n s  i s  2 - f o l d  g r e a t e r  t h a n  i n  t h e  n o n - t h i o l  p r o t e i n s .  These l a t t e r  
p r o t e i n s  a l s o  show g r e a t e r  l a b i l i t y  a t  pH 6 .  The hydroxylam ine  and pH 6 
s e n s i t i v i t i e s  of  t h e  t o t a l  u n f r a c t i o n a t e d  A D P -r ib o s y la te d  p r o t e i n s ,  i s o l a t e d  
from NAD i n c u b a te d  0.5M NaCl n u c l e a r  e x t r a c t ,  a r e  b o t h  g r e a t e r  t h a n  in  
t h e  c o r r e s p o n d in g  p r o t e i n s  from n u c l e i .  As seen  i n  Tab le  2 t h i s  d i f f e r e n c e  
i s  due t o  an  i n c r e a s e d  s e n s i t i v i t y  of  t h e  ADP-r ibose c o n j u g a t e s  in  t h e  non­
t h i o l  c o n t a i n i n g  p r o t e i n s .  HMG p r o t e i n s  a r e  known a c c e p t o r s  o f  ADP-ribose 
( see  1) and i n  v iew o f  t h e i r  p r o p e r t i e s  shou ld  r e p r e s e n t  a  h i g h e r  p r o p o r t i o n  
of  t h e  p r o t e i n  i n  t h e  n o n - t h i o l  c o n t a i n i n g  f r a c t i o n  from t h e  0.5M NaCl 
n u c l e a r  e x t r a c t  compared w i th  whole n u c l e i  ( 1 7 ) .  We have  r e c e n t l y  o bse rved  
t h a t  t h e  l i n k a g e  be tween  ADP-r ibose  and HMG p r o t e i n s  1 and 2 i s  v e r y  l a b i l e  
even a t  n e u t r a l  pH (S tone  and Whish u n p u b l i s h e d  d a t a )  and t h i s  c o u ld  w e l l  
e x p l a i n  t h e  h i g h e r  s e n s i t i v i t y  i n  t h e  n o n - t h i o l  f r a c t i o n .
P r o t e i n  f r a c t i o n s  have  a l s o  been  a n a l y s e d  by SDS p o ly a c r y l a m id e  g e l  
e l e c t r o p h o r e s i s  f o l l o w i n g  i n c u b a t i o n  i n  t h e  p r e s e n c e  and ab sen ce  o f  h y d r o x y l -
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amine.  As migh t  be ex p e c te d  t h e  s t a i n e d  p r o t e i n  p r o f i l e s  on t h e  g e l s  a r e  
complex w i th  v e r y  many p r o t e i n  bands  b e in g  v i s i b l e  ( d a t a  n o t  shown) . In  
view of t h e  r e c e n t  o b s e r v a t i o n  which shows t h a t  t h e  e l e c t r o p h o r e t i c  p r o p e r t i e s  
o f  p r o t e i n s  a r e  d r a s t i c a l l y  a l t e r e d  when A D P - r ib o s y la t e d ,  a n a l y s i s  o f  p r o t e i n  
p r o f i l e s  i s  o f  l i t t l e  v a l u e  f o r  t h e  i d e n t i f i c a t i o n  of  A D P - r ib o s y la ted  s p e c i e s .  
For t h i s  r e a s o n  o n ly  t h e  [^H^ADP-ribose p r o f i l e s  a r e  p r e s e n t e d  ( F i g s .  3 and 4 ) .  
The d i s t r i b u t i o n  o f  r a d i o a c t i v i t y  o b t a i n e d  when t o t a l  n u c l e a r  p r o t e i n s  a r e  
a n a ly s e d  i s  shown i n  F i g .  3A. The i s o t o p e  i s  d i s t r i b u t e d  t h ro u g h o u t  t h e  g e l  
w i th  a major  peak  a t  s l i c e  number 5 .  When t o t a l  n u c l e a r  p r o t e i n s  were a n a ly s e d  
a f t e r  t r e a t m e n t  w i t h  hydroxylam ine  a r e d u c t i o n  i n  t h e  r a d i o a c t i v i t y  e l e c t r o -  
p h o r e s in g  a t  t h i s  p o s i t i o n  i s  o bse rved  ( F ig .  3D).  T h i s  c l e a r l y  i n d i c a t e s  a 
p a r t i a l  r e s i s t a n c e  o f  t h e  ADP-r ibose  c o n j u g a t e  ( s )  t o  hyd roxy lam ine .  Such a 
r e s u l t  co u ld  a r i s e  from e i t h e r  t h e  p r e s e n c e  of  a s i n g l e  p r o t e i n  A D P - r ib o s y la ted  
th ro u g h  two d i f f e r e n t  l i n k a g e s  o r  s e v e r a l  p r o t e i n s  b e in g  p r e s e n t  which p o s s e s s  
d i f f e r e n t  s e n s i t i v i t i e s .  The l a t t e r  p o s s i b i l i t y  i s  f av o u red  b e c a u se  t h i s  m a jo r  
peak i s  seen  i n  b o t h  t h e  n o n - t h i o l  ( F ig .  3B) and t h e  t h i o l  p r o t e i n s  ( F ig .  3 C ) . 
The c l e a r  s e p a r a t i o n  o f  t h e  t h i o l  c o n t a i n i n g  h i s t o n e  H3 and t h e  r e s t  of  t h e  
h i s t o n e s  by t h i o l - d i s u l p h i d e  exchange  chromatography ( F i g s . 3A-C) ex c lu d es  
th e  p o s s i b i l i t y  t h a t  t h i s  peak  r e s u l t s  from c r o s s - c o n t a m i n a t i o n  be tween t h e  
two p r o t e i n  f r a c t i o n s .  F u r th e rm o re ,  b e c a u se  t h i s  peak  i n  t h e  two f r a c t i o n s  
e x h i b i t s  d i f f e r e n t  hydroxylam ine  s e n s i t i v i t i e s  ( F i g . 3E and 3F) i t  i s  most  
u n l i k e l y  t h a t  t h i s  peak  i s  a s i n g l e  p r o t e i n .  I t  i s  a l s o  no te w o r th y  t h a t  t h e  
f a s t e r  m i g r a t i n g  p r o t e i n s  a r e  more s e n s i t i v e  t o  hydroxylam ine  th a n  t h o s e  
p r o t e i n s  which m i g r a t e  s low ly  ( F ig .  3D -F ) . C le a r  d i f f e r e n c e s  i n  t h e  r a d i o a c t i v e  
p r o f i l e  a r e  seen  be tween  t h e  t h i o l  ( F ig .  3C) and t h e  n o n - t h i o l  ( F i g . 3B) 
p r o t e i n s  as  w e l l  as  i n  t h e i r  s e n s i t i v i t y  to  hydroxylam ine  ( F i g . 3E and 3 F ) . 
R e s u l t s  o b t a i n e d  from a 0.5M NaCl n u c l e a r  e x t r a c t  ( F i g . 4) a l s o  show d i f f e r e n c e s  
i n  t h e  r a d i o a c t i v e  p r o f i l e s  ( F ig .  4A-C) as  w e l l  a s  i n  t h e i r  hydroxylam ine  









S L I C E  N U M B E R
F i g . 3 SDS p o ly a c ry la m id e  g e l  e l e c t r o p h o r e s i s  o f  n u c l e a r ,  {^h ]ADP-r i b o s y l a t e d  
p r o t e i n s .  Samples were  p r o c e s s e d  as  d e s c r i b e d  i n  Methods.  A: T o ta l  
p r o t e i n ,  B: N o n - th io l  p r o t e i n ,  C: T h i o l  p r o t e i n ,  D: T o t a l  p r o t e i n  + 
hyd roxy lam ine ,  E: N o n - th io l  p r o t e i n  + hyd roxy lam ine ,  F : T h io l  p r o t e i n  
+ hyd ro x y lam in e .  The ar rows  mark t h e  p o s i t i o n  o f  t h e  h i s t o n e s  i n  th e  
s a m p l e s .





S L I C E  N U M B E R
F i g ^  SDS p o ly a c ry la m id e  g e l  e l e c t r o p h o r e s i s  o f  0.5M NaCl n u c l e a r  e x t r a c t  
| ?H ]A D P -r ibosy la ted  p r o t e i n s .  Legend i s  e x a c t l y  same a s  f o r  F i g .  3
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t h e  c a s e  of  n u c l e a r  p r o t e i n s  ( F ig .  3D-3F) which i s  c o n s i s t e n t  w i th  t h e  
r e s u l t s  shown in  T a b le  2.  A compar ison  of  t h e  p r o f i l e s  o b t a i n e d  w i th  n u c l e i  
and t h e  0.5M NaCl e x t r a c t  shows marked d i f f e r e n c e s  i n  t h e i r  c o m p o s i t i o n .  A 
f u r t h e r  p o i n t  i s  t h e  a b s e n c e ,  i n  t h e  0.5M NaCl e x t r a c t ,  o f  t h e  major peak a t  
s l i c e  5 ( F ig .  4) as  w e l l  a s  an absence  o f  t h e  m a j o r i t y  of  t h e  hydroxylamine  
r e s i s t a n t  m a t e r i a l  p r e s e n t  i n  t h e  n o n - t h i o l  p r o t e i n s  from n u c l e a r  ( F i g s . 3E 
and 4 E ) .
The methodology p r e s e n t e d  i n  t h i s  r e p o r t  c l e a r l y  f a c i l i t a t e s  t h e  
s e p a r a t i o n  of  n u c l e a r  t h i o l  and n o n - t h i o l  p r o t e i n s .  A n a l y s i s  o f  t h e  
A D P - r ib o s y l a t i o n  of  t h e s e  two f r a c t i o n s  i n d i c a t e s  marked d i f f e r e n c e s  b o t h  in  
t h e  c o m p o s i t io n  o f  ADP-r ibose  c o n j u g a t e s  and i n  t h e i r  p r o p e r t i e s .  ‘F u r th e rm o re ,  
such s e p a r a t i o n  seems t o  r e s u l t  in  a p a r t i a l  en r ichm en t  of  t h e  a c c e p t o r  
p r o t e i n s  i n  t h e  t h i o l  f r a c t i o n  as  e v idenced  by th e  i n c r e a s e d  s p e c i f i c  a c t i v i t y  
of t h e  i n c o r p o r a t e d  ADP-r ibose i n  t h i s  f r a c t i o n  (Tab le  1 ) .  As an e x t e n s i o n  
of  t h i s  work th e  n o n - t h i o l  c o n t a i n i n g  p r o t e i n s  cou ld  be f u r t h e r  f r a c t i o n a t e d  
by r e d u c t i o n  of  any d i s u l p h i d e  bonds p r e s e n t  i n  t h i s  f r a c t i o n  and subsequen t  
rech rom atog raphy  r e s u l t i n g  i n  two f r a c t i o n s  each  o f  which w i l l  be l e s s  
complex i n  t h e i r  p r o t e i n  c o m p o s i t io n .
Such t h i o l - d i s u l p h i d e  exchange chromatography p ro v id e s  an e x c e l l e n t  s t e p  
i n  t h e  i s o l a t i o n  and p u r i f i c a t i o n  o f  s p e c i f i c  ADP-r ibose a c c e p t o r  p r o t e i n s .
An obv ious  c a n d i d a t e  f o r  such  a n a l y s i s  i s  po ly (A D P-r ibose )  s y n t h e t a s e  which 
has  been  shown t o  be c a p a b le  o f  s e l f  A D P - r ib o s y l a t i o n  (18) and ,  m oreover ,  to  
c o n t a i n  t h i o l  groups  ( 1 9 , 2 0 ) .  P r e l i m i n a r y  r e s u l t s  from t h i s  l a b o r a t o r y  
i n d i c a t e  t h a t  t h e  s y n t h e t a s e  may be  i s o l a t e d  u s i n g  t h i s  t e c h n i q u e .  An 
e x c i t i n g  a p p l i c a t i o n  of  t h i s  methodology i s  t o  a n a l y s e  t h o s e  p r o t e i n s  which 
a r e  A D P - r ib o s y la te d  v i v o . We a r e  c u r r e n t l y  p r o c e e d in g  i n  t h i s  d i r e c t i o n .  
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TABLE 1
D i s t r i b u t i o n  of  p r o t e i n  and r a d i o a c t i v i t y  
on p y r i d y l  d i s u l p h i d e  Sepharose columns
Sample F r a c t i o n Acid I n s o l u b l e  R a d i o a c t i v i t y  (cpm)
P r o t e i n
(yg)
cpm/yg p r o t e i n
T o t a l 2 .15 X 10^ (100%) 2930 (100%) 734
N u c le i Non-Thiol 1 .5 X 10^ (70%) 2500 (85.6%) 600
T h i o l 0 .6 5 X 10^ (30%) 430 (14.4%) 1,511
T o t a l 6 .35 X 10^ (100%) 266.9 (100%) 23,782
0.5M NaCl Non-Thiol 4 .1 X 10^ (64.6%) 190 (71.2%) 21,578
E x t r a c t T h i o l 2 .25 X 10^ (35.4%) 76.9  (28.8%) 29,258
Samples were in c u b a t e d and p r o c e s s e d as  d e s c r i b e d  in  Methods.
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TABLE 2
The e f f e c t  o f  NaOH and n e u t r a l  hydroxylamine  on t h e  
s t a b i l i t y  o f  t h e  A D P - r ib o s y la te d  p r o t e i n  f r a c t i o n s
Sample Trea tm en t % A c i d - I n s o l u b l e  R a d i o a c t i v i t y  R e leased
N u c le i 0.5M NaCl E x t r a c t
C o n t r o l 5 .2 23 .5
T o ta l +NH2 OH 15.5 31.4
P r o t e i n +NaOH 55.2 50 .0
C o n t ro l 0 24.2
Non-Thiol +NH2 OH 11.9 30 .3
P r o t e i n +NaOH 58.7 37 .9
C o n t r o l 15 .3 14.5
T h io l +NH2 OH 24 .0 26.8
P r o t e i n +NaOH 56.4 57.3
The TCA p r e c i p i t a t e d  and washed p r o t e i n  f r a c t i o n s  were d i s s o l v e d  in  2ml 
u r e a  b u f f e r  (pH 6) and lOOyl a l i q u o t s  in c u b a te d  f o r  30 m in u te s  a t  37°C 
w i t h  lOOyl H^O ( c o n t r o l ) ,  lOOyl 0.8M NH^OH pH 7 o r  w i th  lOOyl 0.2N NaOH. 
20y l  a l i q u o t s  were  takefi  a t  t im e  0 and 30 m inu te s  and p r o c e s s e d  f o r  a c i d -  
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In  a  s e a r c h  for  n e w  in h ib ito r s  o f  th e  n u c le a r  e n / y m e  p o ly ( A D P  r ib o se )  s y n th e ta s e ,  it 
w a s  fo u n d  th a t  v a r io u s  b e n z a m id e s  su b s titu te d  in th e  3 p o s it io n  w ere  th e  m o s t  in h ib ito r y  
c o m p o u n d s  fo u n d  to  d a te . T w o  o f  th e  b e n z a m id e s ,  3 a m in o b e n z .a m id e  a n d  3- 
m e th o x y b e n z  a m id e , w e r e  fo u n d  to  b e  c o m p e t it iv e  in h ib ito r s , w ith  K̂  v a lu e s  o f  le s s  th a n
2.UM.
D e s p ite  a la r g e  a m o u n t  o f  r e s e a r c h , th e  fu n c t io n  
fulfilled  b y  th e  m o d if ic a t io n  o f  n u c le a r  p r o te in s  b y  
m o n o - an d  p o ly  ( A D P  r ib o se )  r e m a in s  u n k n o w n  
(H ilz  & S to n e ,  1 9 7 6 ;  H a y a is h i  &  U e d a .  1 9 7 7 ;  
P urnell et ai, 1 9 8 0 ) .  W o r k e r s  h a v e  su g g e s te d  
p u ta tiv e  r o le s  in  th e  r e g u la t io n  o f  D N A  s y n th e s is ,  
tra n scr ip tio n  a n d  r e p a ir , c e l l - c y c le  e v e n ts  an d  
ce llu la r  d iT e r e n t ia t io n  a n d  d e v e lo p m e n t  ( fo r  a s u m ­
m a ry , see  P u r n e ll et al., 1 9 8 0 ) . O n e  a p p r o a c h  to  
d e term in e  th e  fu n c t io n  is  to  in h ib it  th e  e n z y m e  
r e sp o n s ib le  fo r  A D P  r ib o s y la t io n ,  p o ly ( .A D P -r ib -  
o s e )  s y n th e ta se  (E C  2 . 4 . 9 9 . - ) ,  in vivo a n d  lo o k  for  
cellu la r  d y s fu n c t io n .  V a r io u s  c o m p o u n d s  a re  k n o w n  
to  in h ib it p o ly  ( A D P - r ib o s e )  s y n t h e t a s e  in vitro. 
U n fo r tu n a te ly , th e  r e s u lts  o b ta in e d  fro m  th e  s tu d y  o f  
c e lls  trea ted  w ith  a n y  o f  th e  in h ib ito r s  u se d  to  d a te  ' 
are o f  lim ite d  v a lu e , b e c a u s e  t h e s e  c o m p o u n d s  la ck  
p h y s io lo g ic a l  s p e c i f ic i t y .  N ic o t in a m id e s  (C la r k  et 
al., 1 9 7 1 )  a f fe c t  th e  s y n t h e s is  o f  N A D  an d  m a y  
d e p le te  c e llu la r  p h o s p h o r ib o s y l  d ip h o s p h a te  p o o ls  
(L e ib er  et al., 1 9 7 3 ) ,  r e s u lt in g  in a d e c r e a s e  in  
n u c le o t id e  s y n t h e s is .  T h y m id in e  (P r e is s  et al., 1 9 7 1 )  
is k n o w n  to  in h ib it  D N A  s y n th e s is  b y  d e p le t in g  
d C T P  c o n c e n tr a t io n s  in th e  c e ll (M e u th  et al., 1 9 7 6 ) .  
M e th y la te d  x a n th in e s  a n d  c y t o k in in s ,  a ls o  in h ib i­
to rs  o f  p o ly  ( A D P - r ib o s e )  s y n t h e t a s e ,  are k n o w n  to  
a ffec t  c y c l ic  p h o s p h o d ie s t e r a s e  (E C  3 .1 .4 .1 7 )  (L e v i  
et al., 1 9 7 8 ) . T h u s  a n y  a lte r a t io n  o f  c e llu la r  
p r o c e s s e s  o b s e r v e d  o n  t r e a tm e n t  o f  c e l ls  w ith th e  
a b o v e  c o m p o u n d s  c a n n o t  b e  a sc r ib e d  d ir e c t ly  to  
in h ib it io n  o f  p o ly ( A D P - r ib o s e )  s y n th e ta s e .
In th is  la b o r a to r y ,  a s e a r c h  h a s  b e e n  m a d e  fo r  
p h y s io lo g ic a l ly  s p e c i f ic  in h ib ito r s  o f  th e  e n z y m e  th a t  
ca n  e n te r  th e  c e ll  a n d  a f fe c t  o n ly  p o ly  ( A D P - r ib o s e )  
sy n th e ta se . P r e se n te d  b e lo w  are th e  r e s u lts  o b ta in e d  
fro m  th e  s tu d y  o f  v a r io u s  b e n z a m id e s  a n d  s tr u c ­
tu r a lly  re la ted  c o m p o u n d s  o n  p o ly  (A  D  P -r ib o s e )  
s y n th e ta s e  a c t iv ity  in vitro.
M a te r ia ls  an d  .M eth o d s
N ic o t in a m id e ,  n ic o t in ic  a c id  a n d  2- an d  4 -a m in o -  
b e n /o i c  a c id s  w e r e  o b ta in e d  fr o m  B D H  L td ., P o o le ,  
D o r s e t ,  U .K .  6  A m in o n ic o t in a r n id e , th y m id in e  an d  
N .A D +  w ere  o b ta in e d  fro m  S ig m a  C h e m ic a l C o .,  
S t. I o u is ,  M O , U .S .A .  3 N it r o b e n z o y l  c h lo r id e ,  
3 -a c e ty lp y r id in e , 3 -n itr o b e n z a m id e , 3 n itr o a c e to -  
p h ê n o n e , 3 - c y a n o p h e n o l ,  3 h y d r o x y b e n z o ic  a c id  
a n d  3 -m e th o x y b e n z a m id e  w e r e  o b ta in e d  fr o m  .Aid- 
r ich  C h e m ic a l  C o .,  M ilw a u k e e , W I , U .S .A . 3- 
B r o m o b e n z o y l  c h lo r id e  w a s  o b ta in e d  fro m  K o c h -  
L ig h t  L a b o r a to r ie s ,  C o ln b r o o k , B u c k s .,  U .K .
3 -A m in o b e n z a m id e  w a s  s y n t h e s i / e d  fro m  3 -n itr o ­
b e n z a m id e  b y  c a ta ly t ic  h y d r o g e n a t io n , an d  3 a m in o -  
jV -m e th y lb e n z a m id e  b y  h y d r o g e n a t io n  o f  3 -n itro -  
b e n z a m id o m e th a n e  (m a d e  fr o m  3 -n itr o b e n z o y l  
c h lo r id e  a n d  m e th y la m in e ) . 3 - A c e ta m id o b e n z a m id e  
a n d  3 - s u c c in y la m in o b e n z  a m id e  [3 - (3 -c a r b o x y p r o -  
p io n y l)a m in o b e n z a m id e ]  w e r e  p rep a red  fro m  3 - 
a r n in o b e n z a m id e  an d  th e  c o r r e sp o n d in g  a c id  a n ­
h y d r id e . 3 -B r o m o b e n z a m id e  w a s  p r ep a red  fro m  th e  
a c id  c h lo r id e  a n d  a m m o n iu m  a c e ta te  in a c e to n e  
(F in a n  &  F o th e r g il l ,  1 9 6 1 ) , a n d  3 -h y d r o x y b e n z -  
a m id e  fr o m  3 -c y a n o p h e n o l  b y  tr e a tm e n t w ith  
s l ig h t ly  a lk a lin e  H ^ O j b y  th e  m e th o d  o f  R a d z is -  
z e w s k i  ( 1 8 8 5 ) .
Isolation of nuclei and extraction of poly{ADP- 
ribose) synthetase
N u c le i  w e r e  iso la te d  fr o m  th y m u s  o f  a  fre sh ly  
s la u g h te r e d  p ig  a s d e s c r ib e d  b y  K h a n  & S h a ll 
( 1 9 7 6 ) .  T h e  n u c le i w e r e  r e s u sp e n d e d  in 0 .5  m- 
N a C l/lO O m M -tr ie th a n o la m in e  (a d ju s te d  to  p H  8 .2  
w ith  c o n c .  H C l / l O m M - M g C l j / 2 m.M d ith io th r e ito l. 
A fte r  lO m in  o n  ic e , th e  s u s p e n s io n  w a s  c e n tr ifu g e d  
for  6 0 m in  at 1 0 0 0 0 0 g . T h e  su p e r n a ta n t , c o n ta in in g  
th e  e n z y m e , w a s  im m e d ia te ly  f r o z e n  a n d  u sed  for  
su b s e q u e n t  e n z y m e  a s s a y s .
V o l. 185 0 3 0 6 - 3 2 7 5 / 8 0 / 0 3 0 7 7 5 - 0 3  $ 1 .5 0 /1
M. R. FLRNL-LL A N D  W. J. D. WHISH
Poly(ADP-ribose) synthesis was measured by the 
incorporation of loJenm o -H]NAD^ (synthesized 
from I’H lATP; The Radiochemical Centre) into 
acid-insoluble material. The assay mixture consisted 
of 100mw triethanolamine/HCl, p H 8.2, lOmM- 
MgClj, 2mM-dithiothreitol and 50 /vm-PH]NAD+  
(2/rCi/nmol), in 180/rl. The reaction was started by 
the addition o f  20//1 o f  the 0.5w NaCl extract of 
nuclei. After 5 min at 26°C , a 2 0 //I portion was 
applied to a filter disc (W^hatman grade 1; 2.0cm 
diam.), which had been presoaked in 20% (w/v) 
trichloroacetic acid in diethyl ether and dried at 
room temperature. The disc was left in aq. 20% 
trichloroacetic acid for 3 0 min on ice, washed four 
times with 1% trichloroacetic acid, once with 
ethanol and once with diethyl ether. After the disc 
had dried at room temperature, the radioactivity was 
determined by counting in 0.5% (w/v) 2,5-diphenyl­
oxazole in toluene, by using a Packard liquid- 
scintillation counter.
Protein was determined by the method of  Sed­
mak & Grossberg (1977), with bovine serum 
albumin as standard.
Results and Discussion
Benzamide, a close analogue of nicotinamide, was 
first shown to be an inhibitor of poly (ADP-ribose) 
synthetase by Shall (1975). It has the major 
advantage over other analogues of  nicotinamide in 
that, since it lacks the ring nitrogen of nicotinamide, 
it cannot be metabolized by N A D  biosynthetic 
enzymes. The major drawbacks to its use as an 
inhibitor for physiological studies are its extremely 
low solubility and very hydrophobic nature. During 
the course of this work, we have examined several 
benzamides substituted in the 3-position for their 
ability to inhibit the enzyme. Table 1 shows the 
effect of these com pounds at 5 0 / ; m (equimolar with 
substrate) on the activity o f  poly(ADP-ribose) 
synthetase activity in vitro. All the benzamides were
more potent inhibitors than either nicotinamide or 
thymidine in this system. With the exception of 
3-nitrobenzamide, inhibition was greater than 90%. 
3-Aminobenzamide and 3-methoxybenzamide were 
both found to be competitive inhibitors, with A, 
values (means + s.E.iM. of four experiments) of 
1.8 ± 0.2pM and 1.5 ± 0 .3pwi respectively (results not 
shown). The greater degree of inhibition by the 
benzamides than by nicotinamide is not readily 
explained on the basis of simple structural or 
electron properties of the molecules.
3-Aminobenzamide was chosen to determine the 
effect of  altering the carboxamide moiety on the 
ability of  such compounds to inhibit the synthetase. 
It was surprising to find that both 3-aminobenzoic 
acid and 3-aminoacelophenone were inhibitory, 
although the inhibition was much less than with any 
o f  the benzamides (Tables 1 and 2). The corres­
ponding nicotinamide analogues, nicotinic acid and 
3-acetylpyridine, had no effect on enzyme activity 
(Table 2, and Preiss et ai., 1971). In contrast, 
alkylation of the amide group in both nicotinamide 
(Preiss et a l,  1971) and 3-aminobenzamide (to give 
3-amino-A^-methylbenzamide; Table 2) abolished 
inhibition. At present the inhibition by 3-amino­
benzoic acid cannot be explained. It appears to be 
specific for 3-aminobenzoic acid; 3-nitro-, 3-hy­
droxy-, 2-amino and 4 amino-benzoic acids all have 
no effect or) enzyme activity. 3-Aminobenzoic acid 
has been shown to inhibit NAD'*' glycohydrolase (EC 
3.2.2.5) by formation of an adduct with the NAD"*" 
substrate (Guardiola et al.. 1957). Such a mechan­
ism cannot account for the inhibition of poly- 
(AD P ribose) synthetase, because neither 2-amino- 
nor 4-amino-benzoic acid (equally potent inhibitors 
of  NAD'^ glycohydrolase) has any affect on 
synthetase activity. Furthermore, the lack.of inhibi­
tion by the 2- and 4-isomers also precludes the 
possibility that inhibition by 3-aminobenzoic acid is 
by nucleophilic removal of  ADP-ribose residues 
from the protein. Inhibition by 3-aminoacetophen-
T able 1. EJfeci of various benzamides on poly{AD P-ribose) synthetase activity 
E n zjm e activity w as a ssayed  as described in the M aterials and M ethods section. Inhibitors were added to a final 
concentration o f  50/zm (equim olar with substrate). Each value is the mean of at least four separate determ inations.
N A D +  incorporated into acid- 
insoluble m aterial 








0 .88  63
C om p oun d  
N o n e  
B enzam id e  
3 -A m in ob cn zam id e  
3-B rom ob en zam id e  
3 H yd roxyb en zam id e  
3-M ethoxyb en zam id e  
3 -N itrob en zam id e  
N icotin am id e
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Table 2. Effect of analogues ofl aminobcnzamide on poIy{A DP ribose) synthetase acticitv 
F n /> m e activity w as a ssa y ed  as described  in the M aterials and M eth od s section . Inhibitors were added to a final 
concentration  o f  50 uM (eq u im olar  with substrate). E ach  value is the m ean o f  at least four separate determ inations.
N A D *  incorporated  into acid- 
insoluble m aterial 
(n m ol/m in  per m g o f  protein)C o m p o u n d Inhibition (?ô)
N o n e 2 .4 0 —
3 -A m in o b e n /o ic  acid 2 .1 6 1 0
N icotin ic  acid 2 .43 0
3 H y d r o x y b e n z o ic  acid 2 .3 8 0
3 N itro b en zo ic  acid 2 .45 0
2 A m in o b en zo ic  acid 2 .5 9 0
4 A m in o b e n z o ic  acid 2 .4 7 0
3 A m in o a c e to p h en o n e 1 . 6 6 31
3-A cety Ipyridine 2.47 0
A ceto p h en o n e 1.53 36
3-A m in o  .V -m ethylbenzam ide 2 .38 0
3 A ce ta m id o b en za m id e 0 .0 4 98
3 S u cc in y la m in o b en za m id e 0 . 2 2 > 91
o n e  is le s s  sp e c if ic , a s  s h o w n  b y  th e  f in d in g  th a t  
a c e to p h e n o n e  aK o  in h ib its  ( fo r  a m o r e  d e ta ile d  s tu d y  
on  in h ib it io n  b y  a c e t o p h e n o n e s ,  se e  P u r n e ll &  
W Tiish, 1 9 8 0 ) .
It w a s  n o te w o r th y  th a t  in h ib it io n  w a s  r e ta in e d  
w h en  th e  a m in o  g r o u p  w a s  a c y la te d . a s  in
3 -a c c ta m id o b e n /a m id e  a n d  3 s u c c in y la m in o b e n z -  
a m id e . A n  a c c u r a te  v a lu e  c o u ld  n o t  b e  o b ta in e d  fo r  
th e  la tte r  c o m p o u n d , o w in g  to  its  e x tr e m e ly  lo w  
so lu b il ity . In  a d d itio n , b e c a u s e  d e to x if ic a t io n  o f  
c o m p o u n d s  c o n ta in in g  a r o m a t ic  a m in o  g r o u p s  o f te n  
o c c u r s  b y  a c é ty la t io n , 3 -a m in o b e n z a m id e  d e t o x i ­
f ic a t io n  w ill n o t lea d  to  l o s s  o f  in h ib ito r  p o te n c y .  
F in a lly , c o u p lin g  v ia th e  a m in o  g r o u p  sh o u ld  p r o v id e  
a v e r y  u se fu l m e a n s  b y  w h ic h  a n  a ffin ity  m e d iu m  
fo r  p u r if ic a t io n  o f  th e  e n z y m e  c a n  b e  o b ta in e d .
In c o n c lu s io n , th e  in h ib ito r s  d e sc r ib e d  a b o v e  w ill 
be u se fu l for s tu d ie s  in vitro a n d , m o r e  im p o r ta n t ly ,  
s in c e  tw o , 3 -a m in o b e n z a m id e  a n d  3 - m e t h o x y b e n z ­
a m id e , are p h y s io lo g ic a l ly  s p e c i f ic  (M . R . P u r n e ll &  
W . J. D . W h ish , u n p u b lis h e d  w o r k ) , th e y  w ill b e  
e x tr e m e ly  v a lu a b le  a s  p r o b e s  fo r  u se  a s  in h ib ito r s  o f  
p o ly ( A D P  r ib o se )  s y n t h e t a s e  in vivo.
W e thank the Science R esea rch  C ou n cil and M iles  
L aboratories, S toke P o g es, S lo u g h , U .K ., for their 
financial support.
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J o f  R ick w ood  et al. (1 9 7 7 )]  gave ex cellen t sep aration  o f  A D P  
 ̂ r ibosylated  proteins from  D N A  and  R N A . T h e m aterial w as  
precipitated by addition o f  trieh loroacetic  ac id  to  a final eon cen -
* tration o f  25%  (w /v ), left on  iee for 4 h ,  then  w a sh ed  and centri-
* fuged three tim es at 3 8 0 0 0 g  for 1 5 m in. T h e  resu lting m aterial 
w as digested with the fo llow ing; (o ) sn a k e-v en o m  phosphod iester-
* a se. EC  3 .1 .4 .1 ;  (b) snake venom  p h o sp h o d iestera se  plus alka- 
.gi l̂ine p h osp h atase, E C  3 .1 .3 .1 ;  (c) sp leen  p h osp h od iestera se . EC  
^ 3 .1 .4 .1 8 ;  (d) ribonuclease A , E C  3 .1 .4 .2 2 ;  (e ) deoxyrib on u -  
 ̂ e lease I; E C  3 .1 .4 .5 ;  ( / )  P ron ase (H ilz  et al., 1975); (g ) b ase  
'I (A d am ietz  et ai, 1978); (/:) h y d ro x y la m in e  (A d a m ie tz  et al.,
1978). Increase in radioactiv ity  in th e  su p ern atan t o f  a 1 0 m in, , 
^  lOOOOg centrifugation in 6 6 % (v /v )  e th a n o l/5 0 m M -so d iu m a c e t-  
t ate, pH  5 .0 , gave an indication o f  the a m o u n t o f  acid -insoluble  
m aterial d igested . R esu lts o f  this prelim inary  characterization  
 ̂ sh ow ed  that 92%  w as solubilized  w ith  sn a k e  ven o m  p h osphod i- 
j esterase, 17%  with spleen p h o sp h o d iestera se , 14%  with ribonu- 
. c lease , 0%  with d eoxyrib on u clease , 6 8 % w ith  P ron ase, 87%  
with b ase , and 21%  with h y d roxy lam in e. T h is  d igested  m aterial 
 ̂ w as then subjected  to  a num ber o f  t i e . sy s te m s . U n am bigu ou s  
' determ ination  o f  p o ly  (A D P -r ib o se )  w a s m a d e  b y  d igestion  with  
snake-venom  p h osp h od iesterase , w h ich  g iv es  rise to  p h o sp h o ­
ribosyl A M P , a unique m arker for p o ly  (A D  P -ribose), w hich  
, w a s identified by t  i e . on  p o lyeth y len e im in e-ce llu lo sc  (K .
_ R anderath &  E. R an d erath , 1965). P h o sp h o r ib o sy l A M P  w a s  
further characterized  b y  d igestion  w ith  a lk a line p h osp h atase  to  
give r ib osy lad en osine  and identified b y  t i e . (M iw a  et al., 1979). 
T h e ab ove tw o  stud ies g a v e  an average ch a in  length  o f  p olym er  
’ attached  to  protein o f  1 .2  A D P -r ib o se  un its . T h e  linkage b c-  
’ tw een  p o ly  (A D P -r ib o se )  and protein  h a s  b een  reported to  be  
' sensitive to  both  b a se  and h y d ro x y la m in e  (N ish izu k a  et al.,
 ̂ 1969). T  i e . an a lysis o f  the transient p ro d u cts  o f  th ese  ch em ical 
-> d igests sh ow ed  that A D P -r ib o se  w as indeed  p roduced .
« D igestion  o f  gradient m aterial o v ern ig h t w ith  0 .2  M N a O H  
, will produce 5 '-A M P  from  m onom er, 3 '-A M P  from  R N A , but 
will not d igest polym er. T he resu lts o f  tw o  d ifferent t.l.c . sy s-  
 ̂ terns (S ch w artz  & D ra eh , 1975; E. R an d erath  &  K . R anderath ,
 ̂ 1965) indicated  that, in fa ct, 15% o f  m ateria l w a s p r é s e n ta s  3 '-  
’ A M P , 55%  as 5 '-A M P  and 20%  rem ained  o n  the  origin  as p o ly-  
' m er. Further d igestion  o f  the b ase-trea ted  m aterial w ith  3 '-  
 ̂ nu cleotid ase (E C  3 .1 .3 .6 ) and 5 '-n u e leo tid a sc  (E C  3 .1 .3 .5 ) ,
, fo llow ed  b y  determ ination  o f  p ercen tage d ecrea se  in A M P  and 
 ̂ increase in adenosine on  t.l.c. gave sim ilar  v a lu es, w hich  corre­
sponded  w ell with th ose  o f  the e n z y m ic  d ig ests  w ith respect to  
' b oth  am oun t o f  R N A  and the p o ly m e r /m o n o m er  ratio.
' . T he p ossib ility  o f  D N A  con tam in ation  w a s elim inated  by an
exh au stive d igest w ith sn ak e-ven om  p h osp h od iesterase , d e o x y ­
rib on u clease I and alkaline p h osp h atase , fo llow ed  by a borate  
t .l.c . system  cap ab le o f  d istinguish ing  ad en osin e from  d eo x y -  
a d en osin e (K . R anderath & E. R anderath , 1965). T h is an a lysis  
sh ow ed  the com p lete absence o f  d eo x y a d en o sin e  and therefore  
o f  D N A . It w a s then p ossib le  to  carry ou t further an a lysis o f  the  
properties o f  the sy stem  in vivo. It h as been  w ell estab lished  that 
a num ber o f  inhibitors exist cap ab le  o f  inhibiting p o ly (A D P -  
ribose) po lym erase  in vitro, including thym id ine (P reiss et al., 
1971). T h u s ce lls w ere taken 6 h before labelling and incubated  
w ith Sm M -thym idine, 2m M -3-am inob en zam id e or 2m M -3- 
m eth oxyb en zam id e, the latter tw o  being inhibitors that have  
been  d evelop ed  in this laboratory and found to  produce an even  
higher percentage inhibition than  others p rev iou sly  described  
(M . R. Purnell &  W . J. D . W h ish , unpublished w ork). H ow ever, 
w ith these inh ib itors on ly  10% inhibition o f  the A D P -r ib o sy la ­
tion o f  protein  w as found . C hain-length  stud ies revealed  that a l­
though  the radioactiv ities in A M P  w ere the sam e, there w as no  
detectable p h osp h orib osy l-A M P . T h is prov ides the interesting  
p ossib ility  that the inhibitors w ork  at the p o lym eriza tion  step  
but n ot at the initiation step . It is therefore p oss ib le  that m ore  
than  on e  en zy m e ex ists , on e  for in itiation  and o n e  for 
p olym erization .
It thus appears th a t the an alysis o f  A D P -r ib o sy la tio n  in vivo 
ca n  provide m uch  insight in to understanding the role o f  this 
com p lex  system .
W e are grateful to  the M edical R esearch C ouncil for support.
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The € fleet of phenones on poly(adenosîne diphosphate ribose) synthetase from porcine 
thymus
M IC H A E L  R . P U R N E L L  and  
 ̂W IL L IA M  J. D . W H IS H
D̂epartment of Biochemistry, University of Bath, Claverton 
Down, Bath BA2 lAY, ÜJC.
A P o ly (A D P  ribose) sy n th etase  is  a n u clear  e n zy m e responsib le  
^ fo r  the co v a len t m odification  o f  p ro te in s b y  A D P -r ib o se  or a n .
o ligom er thereof. N A D  is c lea v ed  at th e  n ico tin a m id e-r ib o se  
‘“bond and the A D P -r ib o se  is a ttach ed  to  either a protein  or a  
^protein-bound (A D P -r ib o se ) , ch a in , w h ere  n = 1 - 3 0 .
T he b io log ica l function  o f  th is e n z y m e  rem ains unknow n. It 
rh as been  postu lated  that the e n zy m e m a y  b e  in volved  in D N A  
_ syn th esis , transcription  or repair (H ilz  &  S to n e , 1976). D uring a 
 ̂recent stu d y  in vo lv ing  the screen ing o f  b en za m id e  m olecu les as 
"potentially specific  inhibitors o f  th e  e n z y m e , it w a s found that
a cetop h en on e and 3 -am in oacetop h en on e w ere inhibitory (M . R . 
Purnell & W . J. D . W h ish , unpublished  w ork). N ico tin a m id e  is 
k n ow n  to  inhibit the en zym e, and the b inding site  is h igh ly  
specific  (P riess et al., 1971). T h e  effect o f  several p h en on es on  
the en zym e w as exam ined  to  see  w hether th e  sam e sp ec ificity  
w as required for inhibition by an a logu es o f  a cetop h en on e .
P o ly (A D P -r ib o se )  syn th etase  w a s extracted  from  p orcin e  
th ym u s nuclei, iso la ted  as described  by K h an  & Shall (1 9 7 6 ) ,  
w ith 0 .5 M -N aC l/lO O m M -triethanolam ine/H C l (p H 8 .2 ) /1 0 m M -  
M g C lz /2 .5  m M -dithiothreitol. T h e en zy m e activ ity  w a s d eter­
m ined b y  the incorporation  o f  [^ H ]N A D +  in to  acid -in so lu b le  
m aterial. T he reaction  m ixture con ta ined  lO O m M -triethanol- 
a m in e /H C l, p H  8 .2 , lO m M -M gC lj, 2.5  m M -dithiothreitol, 50//M - 
P H jN A D  (sp . rad ioactiv ity  2 m C i/m m o l)  in 180//1. T h e  reac­
tion  w as started b y  the addition  o f  2 0 /4  o f  0 .5  M N a C l extract.
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T a b le  I. EJfect of acetophenone and its analogues on 
poly(A DP-rlbose) synthetase
E n zy m e a c tiv ity  w a s  d eterm in ed  as d esc r ib ed  in th e  tex t. E a c h  
v a lu e  is the m ea n  o f  fo u r  se p a r a te  d e term in a tio n s.
1 0 “  ̂X  R a d io a ctiv ity
A d d ition  (SOpM )
in corp ora ted  (c .p .m ./
5 m in per 5 0 p g  o f  protein )
Inh ib ition
(% )
N o n e 7 .5 —
A ceto p h e n o n e 4 .7 3 6
3 -A m in o a ceto p h en o n e 5 .3 3 0
3-B ro m o a ceto p h en o n e 4 .4 4 2
3 -H y d ro x y a cc to p h en o n c 3 .9 4 7
3 -M eth o x y a ce to p h en o n e 3 .3 5 6
3 -N itro a ce to p h en o n e 7 .2 3
P rop iop h en on e 7 .0 6
a n a -T r if lu o r o a c e to p h e n o n e 6 .9 7
4-N itroa  ceto p h en o n c 7.1 5
M en ad ion e 5 .7 24
A fter  5 m in  at 2 6 ° C  th e  ra d io a c t iv e  a c id  in so lu b le  m ater ia l w a s  
d eterm in ed  b y  a d d itio n  o f  2 0 //I o f  th e  rea c tio n  m ix tu re  to  a  tri­
c h lo r o a c e t ic  a c id - im p r e g n a te d  filter d is c . T h e  d isc  w a s  left in  
20%  ( w /v )  tr ic h lo r o a c e t ic  a c id  fo r  3 0 m in  at 0 ° C .  A fter  b e in g  
w a sh e d  th ree  t im e s  in  5%  ( w /v )  tr ic h lo r o a c e t ic  a c id  fo r  5 m in , 
th e  d isc  w a s  w a sh e d  b riefly  in e th a n o l an d  then  d ie th y l eth er . 
A fter  th e  d isc  w a s  d ried  at r o o m  tem p er a tu re , th e  ra d io a c tiv ity  
w a s  d eterm in ed  b y  liq u id  sc in tilla tio n  c o u n tin g  in 0 .5 %  ( w /v )  
P P O  (2 ,5 -d ip h e n y lo x a z o le )  in  to lu e n e .
T a b le  I sh o w s  th e  e f fe c t  o f  v a r io u s  c o m p o u n d s  at 50/rM 
(eq u im o la r  w ith  su b s tr a te )  o n  e n z y m e  a c tiv ity . A c e to p h e n o n e  
in h ib its the e n z y m e  3 6 % . S u b stitu tio n  o f  th e  a ro m a tic  n u c le u s  at 
the  3 -p o s itio n  in c r e a se s  th e  p o te n c y  o f  in h ib itio n  to  a  slig h t e x ­
ten t, w ith  th e  e x c e p tio n  o f  3 -n itr o a c e to p h e n o n e , w h ich  e x er ts  a 
n eg lig ib le  e ffe c t  o n  th e  e n z y m e . A s  in th e  c a se  o f  b e n z a m id e s , 
the 3 -m e tb o x y  d er iv a tiv e  is  the m o st  in h ib ito ry  (M . R . P urnell &  
W . J. D .  W h ish , u n p u b lish ed  w o rk ). A lte r a t io n  o f  the  a cety l 
g ro u p  as in th e  c a s e  o f  p ro p io p h e n o n e  an d  tr iflu o ro a ce to p h en -  
o n e  resu lts  in c o m p le te  le s s  o f  in h ib itio n .
In v ie w  o f  th e  p r o p o se d  ro le  o f  p o ly  (A D P -r ib o s e )  in  th e  repair  
o f  D N A  an d  e sp e c ia lly  th e  e n h a n c e m e n t o f  th e  c y to to x ic  effect 
o f  D N A -d a m a g in g  a g e n ts  b y  in h ib ito rs  o f  p o ly  (A D P -r ib o se )  
sy n th e ta se  (S h a ll et ah. 1 9 7 7 ) , th e  e f fe c ts  o f  tw o  r a d io se n s i­
t izers on  e n z y m e  a c t iv it)  w ere  e x a m in e d . 4 -N itr o a c e to p h e n o n e  
had  n o  e ffe c t  o n  th e  e n z y m e . M e n a d io n e  o r  S y n k a y  (2 -m eth y l-  
n a p h th o q u in o n e ), h o w e v e r , in h ib ited  th e  e n z y m e  24%  a t 50/iM . 
T h e ra d io se n s it iz a t io n  exh ib ited  b y  b o th  c o m p o u n d s  h a s  b een  
a scrib ed  t o  their e lec tro n -a ffin ic  p r o p e r tie s  (A d a m s  &  C o o k e ,  
1 9 6 9 ). In th e  c a s e  o f  m en a d io n e , th e  ra d io se n s it iz a t io n  m a y  be  
d u e, in p art, to  in h ib itio n  o f  p o ly  (A D P -r ib o s e )  s y n th e ta se  an d  a  
c o n c o m m ita n t  d e f ic ie n c y  in D N A  rep air .
F ro m  th is  o b se r v a tio n , an d  th e  d a ta  o f  S h a ll et ah ( 1 9 7 7 ) ,  it 
w o u ld  ap p ea r  th a t p o ly  (A D P -r ib o se )  sy n th e ta se  m a y  b e  a u se ­
ful target m o le c u le  fo r  en h a n c in g  th e  c y to to x ic  e ffe c ts  o f  io n iz ­
ing ra d ia tio n  an d  o th e r  D N A -d a m a g in g  a g e n ts .
W e thank the Science Research C ouncil and M iles Laboratories 
(Stoke Poges, Slough, Berks., U .K .) for their support throughout 
this work.
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P ro c e d u r e s  h a v e  b e e n  d e v e lo p e d  fo r  th e  m a ss -sp e c tr o m e tr ic  
se q u e n c in g  o f  p e p tid e s  (M o r r is  et ah, 1 9 7 4 , 1 9 7 6 ;  D e ll  &  
M o rris , 1 9 7 7 )  a n d  are n o w  in regu la r  u se  in  th is  L a b o r a to r y . 
T h e s e  m e th o d s  h a v e  tw o  b a s ic  a d v a n ta g e s  o v er  c la s s ic a l  p r o c e ­
d u res: firstly  a c o n s id e r a b le  sa v in g  in  t im e  b e c a u se  o f  th e  c a p a ­
b ility  o f  s tu d y in g  m ix tu r e s  o f  p e p tid e s , an d  s e c o n d ly  a c a p a c ity  
to  a ss ig n  b lo c k e d  se q u e n c e s  (n a tu ra l W -acety l o r  c y c liz e d  G lx )  
or n e w /u n u su a l a m in o  a c id s . T h e  t im e  sa v in g  a ss o c ia te d  w ith  
n o t  h a v in g  to  p u r ify  e a c h  p ep tid e  a m o u n ts  to  a p p ro x im a te ly  
o n e -h a lf  o f  th e  tim e n o r m a lly  ta k e n  to  se q u e n c e  a p ro te in . H o w ­
ev er , a n ew  ra te -lim itin g  s tep  a r ise s  in  th e  m a ss -sp e c tr o m e tr ic  
m e th o d , an d  i f  th is  c o u ld  b e  r e m o v e d  o r  red u ced  th e n  it w o u ld  
r e v o lu t io n iz e  th e  s e q u e n c in g  p r o c e s s , a llo w in g  th e  g en era tio n  o f  
a  2 5 0 0 0 -d a lto n  s e q u e n c e  in s o m e  2—3 m a n  m o n th s. W e  here  
rep ort a step  to w a r d s  th is  g o a l in  th e  d e v e lo p m e n t o f  a se m i­
a u to m a te d  in te r a c tiv e  se q u e n c in g  p ro ced u re .
In  ord er to  cu t  th e  t im e  ta k e n  to  c o u n t  an d  in terp ret the  large  
n u m b er o f  sp ec tra  o f  p e p tid e  m ix tu res  g en era ted  w h en  a protein  
or la rg e  p ep tid e  is b e in g  se q u e n c e d , c o m p u te r  p ro g ra m s h a v e  
b een  w ritten  t o  a s s is t  in  th e  in te rp reta tio n . T h e  co m p u te r  
m eth o d  fo llo w s  a s tr a te g y  sim ila r  t o  th a t  e m p lo y e d  b y  th e  
sp e c tr o sc o p is t . T h e  p a th  ta k e n  b y  th e  p r o g r a m s w ith  a n y  p a r ­
ticu la r  se t o f  sp ec tra  is d irec ted  b y  th e  o p e r a to r , w h o  is g iv en  a  
n u m b er  o f  p o ss ib ilit ie s  fro m  w h ich  to  c h o o s e  a t ea c h  p o in t in the
se q u e n c in g  p r o c e s s . T h e  p ro g ra m s s e q u e n c e  lo w -r e so lu tio n  
m a ss d a ta  sta rtin g  fro m  :h e  A '-term ini a n d  N - C  c le a v a g e  io n s, 
an d  p r o c e e d in g  to w a r d s  th e  C -le r m in u s o f  e a c h  p ep tid e . In 
c h o o s in g  th e  n ex t seq u er .ce  io n s , d u e  c o n s id e r a tio n  is  g iven  to  
lo s s e s  o f  s id e  c h a in s  from  serin e , m e th io n in e  and th r eo n in e , lo ss  
o f  C O  fro m  r e s id u e s  a fter N - C  c le a v a g e  io n s , p y r r o lid -2 -o n e -5 -  
c a r b o x y lic  a c id  fro m  g lu ta m a te  or  g lu ta m in e  and o th e r  in d ica ­
to rs o f  sp e c if ic  a m in o  a c id s , e .g . m!e 171 for  ly s in e . A  n u m b er o f  
sc a n s  c a n  b e a n a ly se d  to g eth er , in o rd er  to  c o m p a r e  sp e c tr a  run  
at d ifferen t so u r c e  tem p er a tu res , t o  fa c ilita te  the e x a m in a tio n  o f  
p ep tid e  m ix tu res . R e a c t ic n -c o n d il io n  p a ra m ete rs  can  be se lected  
for th e  in te rp re ta tio n  o f  the  sp e c tr a  o f  sa m p le  d er iv a tiv es  p r o ­
d u ced  b y  a n y  co m b in a tio n  o f  a c é ty la t io n , d e u te r o a c e ty la tio n , 
p erm eth y la tio n  an d  p er d e u te r o m e ih y la t io n .
T h ere  are tw o  se p a r a te  p ro g ra m s. In  th e  p r e -p r o c e ss in g  p r o ­
gram  s c a n s  p r e v io u s ly  stored  o n  d isc  b y  th e  d a ta -a q u is it io n  so f t ­
w are are se lec te d  a n d  their d a ta  c o n v e r te d  in to  a fo rm a t m ore  
read ily  u sa b le  for  se q u e n c in g . In th e  se q u e n c in g  p ro g ra m  the  
user c h o o s e s  up  to  fo u r  p re -p ro cessed  s c a n s  b efo re  g o in g  on  to  
se lec t from  th e  lis t  o f  o p tio n s  a v a ila b le  to  d irect the actu a l 
se q u e n c in g . T h e se  o p tio n s  can  be run or  rep eated  in an y  order  
and en a b le  th e  sp e c tr o s c o p is t  to  b u ild  a  ta b le  o f  p ep tid e  
se q u e n c e s  fo u n d : se q u e n c e  ion s c a n  b e  a d d ed  to  or d eleted  from  
th is tab le .
T h e  o p tio n s  a v a ila b le  are:
(1 )  D isp la y  g ra p h ica lly  th e  reg io n  o f  th e  sp ec tru m  co n ta in in g  
the A M erm inal an d  N —C c le a v a g e  io n s  fo r  the  cu rren t m ain  
sc a n , w ith  a su b s id ia r y  scan  su p e r im p o se d  in b ar form  on  th is  
sca n . P resen t th e  u ser  v  .:h p o ss ib le  A '-term ini from  th e current 
m ain sc a n  for in c o r p o r a tio n  in to  the  ta b le .
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A D P -r ib o sy la tio n  ca n  be defined as the p o stsy n th etic  m odifi­
cation  o f  protein b y  the  co v a len t a ttachm ent o f  the A D P -r ib o se  
m oiety  o f  N A D + . A D P -r ib o sy la tio n  o f  e lon gation -factor  T u is 
responsib le  for the  inhibition o f  protein  sy n th esis b y  both  dip- 
theria and Pseudomonas aeroginosa to x in s (H ilz  & Stone,
1976). T h e a ctiva tion  o f  m em brane ad en ylate c y c la se  b y  c h o ­
lera tox in  is thou gh t to  occu r b y  A D P -r ib o sy la tio n  o f  the ad en y­
late c y c la se -a sso c ia ted  G T P  binding protein  (G ill & M eren,
1978). It h as a lso  been  p rop osed  as a m ech an ism  by w hich  
Escherichia coli R N A  p o lym erase  activ ity  is m odified  during  
b acteriop h age T 4  in fection  (G o ff , 1974; R ohrer et ai, 1975; 
S korko et al., 19 7 7 ). C o lip h age N 4  h as a lso  been  reported to  
con ta in  an intrinsic A D P -r ib osy ltran sferase  activ ity  (P esce  et 
at., 1976). A D P -rib o sy ltra n sfera se  activ ity  is a lso  p resent in the  
m itoch on d ria  and n uclei o f  all eu k aryotic  organ ism s exam ined  
to  date.
T he field o f  A D P -r ib o sy la tio n  has been com p reh en sively  
review ed  b y  Sugim ura (1 9 7 3 ), H ilz & S ton e (1 9 7 6 )  and  
H a y a ish i & U ed a  (1 9 7 7 ). T he present review  is con cern ed  exc lu ­
sive ly  w ith  A D P -r ib o sy la tio n  carried ou t in eu k aryotic  nuclei 
and will con cen tra te  o n  the large am ount o f  d a ta  that h as em er­
ged  sub seq u en t to  the pub lication  o f  other review s.
T h e en zy m e resp onsib le  for A D P -r ib o sy la tio n  in nuclei is 
term ed p o ly  (A D P -r ib o se )  sy n th etase  or p o lym erase; the nam e is 
derived  from  the fa ct that, unlike other A D P -rib o sy ltra n s-  
ferases, the en zy m e is capab le o f  syn th esizin g  a p rotein -bound  
h o m o p o ly m er  o f  A D P -r ib o se , p o ly  (A D P -r ib o se )  (C h am b on  et 
al., 1 9 6 6 ; R eeder et al., 1967; Fujim ura et ai, 1967). N A D  
is c leaved  at the n ico tin a m id e-r ib o se  b on d  (bond  
en ergy  ~  3 4  k J /m o l) and the A D P -r ib o se  m oiety  transferred to  
either a nuclear protein  or a p rotein -bound  A D P -r ib o se  m o le­
cu le. T h e p o lym er thus form ed is degraded  b y  another nuclear  
en zy m e , p o ly (A D P -r ib o se )  g ly co h y d ro la se , prod u cin g  the free 
m on om eric  form  o f  A D P -r ib o se  (M iw a & Sugim ura, 1971)  
(F ig . 1).
(1 )  ADP-ribosylation of nuclear proteins
(a) Structure of mono- and poly-(ADP-ribose)-protein conju­
gates. A D P -r ib o se  is a ttached  to  proteins through  the free ribose  
m o lecu le  b y  tw o  d istin ct types o f  b on d s, and the ob servation  has  
b een  m ade that, after in cu b ation  o f  iso la ted  rat liver nuclei w ith  
N A D  rad ioactively  labelled in th e  adenine m oiety , all rad ioacti­
v ity  is rem oved  b y  dilute alkali, but o n ly  60%  is rem oved  by  
neutral h yd ro x y la m in e  (A d am ietz  & H ilz , 1976). E n d ogen ou s  
m o n o (A D P -r ib o se )  residues linked to  proteins iso la ted  from  
E hrlich  a sc ites-tu m ou r cells and rat liver have a lso  b een  reported  
to  p o sse ss  sim ilar labilities (B redehorst et al, 1978c), although  
th e  relative proportions o f  each  type o f  linkage are d ifferent [see  
S ectio n  ( l ) ( c )  below ] in the tw o  tissu es. M ore recently , it has  
b een  su ggested  that a  third, a lkali-resistant, b on d  m a y  ex ist in 
vivo (A d a m ie tz  et ai, 1978a). It shou ld  be m entioned  here that 
p o ly (A D P -r ib o se )  is stab le in alkali (Fujim ura et ai, 1967;  
N ish iz u k a  ef a /., 1967).
P r o p o sa ls  as to  the nature o f  the linkage to  protein  vary  from
a ca rb oxy lic  acid  ester (N ish izu k a  et ai, 1 9 6 8 , 196 9 ), a S ch iff  
b ase  w ith  ly sin e  (K u n  et ai, 1976), or a p h osp h o d iestera se  link­
age w ith  p h osp h oserin e  (Sm ith  & S tock en , 1 9 7 3 , 1975). T he  
carb o x y lic  acid  ester w a s p rop osed  to  a cco u n t for the lability  
tow ard s h yd roxy lam in e. It h as s in ce  been  reported  that g lu t­
am ic acid  residues at p osition  2 are A D P -r ib o sy la ted  in both  
h iston es H I  and H 2 B  (B u rzio  et ai, 19 7 9 ; R iq u elm e et ai, 
1979). H a y a ish i et ai (1 9 7 9 )  have a lso  reported  A D P -r ib o s y ­
la tion  at these  p ositio n s and, in addition , at p o sitio n s 4  and 116  
in h iston e H I . B oth  groups used  iso la ted  nu clei from  rat liver.
T he ch em ica l structure o f  p o ly (A D P -r ib o se )  w a s first e lu ci­
dated  b y  D o ly  (C h a m b o n  et ai, 1966). T h e an om eric  carbon  o f  
one A D P -r ib o se  m olecu le  w as foun d  to  b e  a ttach ed  to  the  
ad en osin e m oiety  o f  the next v ia a l " - 2 ' g ly co s id ic  linkage. 
Subsequent n.m .r. a n a lyses o f  either pure p o ly (A D P -r ib o se )  
(M iw a  et ai, 197 7 6 ) or its degradation  p rod u ct, 2 '-(5 " -p h o sp h o -  
r ib o sy l)-5 '-A M P  (M iw a et ai, 19776; F erro &  O ppenheim er, 
1978; Inagak i et ai, 1978), have identified the  lin k age as a - ( l " -  
2'), as sh ow n  in F ig . 1.
R ecen t stud ies o n  the chain  length o f  p o ly (A D P -r ib o se )  
form ed in iso la ted  n uclei sh o w  the p roduct m a y  h a v e  as m any  as  
65 A D P -r ib o se  residues. T h e earliest m ethod  o f  d eterm ining the  
chain  length  w a s b y  in cu b ation  o f  iso la ted  n u cle i w ith  rad ioac­
tively  labelled N A D , d igestion  o f  th e  p roduct w ith  sn ak e ven om  
p h osp h od iesterase , reso lu tion  o f  5 '-A M P  and p h osp h orib osy l-  
A M P  b y  paper ch rom atograph y  and an a ly sis  o f  the rad ioacti­
v ity  a sso c ia ted  w ith  each  com p oun d . T he ratio  o f  the total 
rad ioactiv ity  (A M P  and p h o sp h o rib o sy l-A M P ) to  the  rad ioacti­
v ity  in A M P  g ives an average chain  length  (N ish izu k a  et ai, 
1969). T he first m ethod  o f  reso lv ing  p o ly  (A D P -r ib o se )  o f  d if­
fering chain  lengths w as that o f  Sugim ura et ai (1 9 7 1 ). Iso la ted  
nuclei labelled  w ith [*‘* C ]N A D  w ere d igested  w ith  P ron ase  and  
the p o ly (A D P -r ib o se )  and n u cle ic  acids w ere precip itated  w ith  
eth anol. T he pellet w a s resuspended  and subjected  to  h yd roxy-  
apatite co lu m n  chrom atograph y; elution  w a s effected  w ith  
increasing con cen tra tio n s o f  p h osp h ate  buffer. In  add ition  to  
separation  o f  nu cleic  acid s from  p o ly (A D P -r ib o se ) , they  
ob served  a linear relationship  betw een  chain  length  and p h o s­
phate con cen tration . T he sam e group  later an a lysed  each  o f  
the ob served  p eak s b y  gel e lectrop h oresis and  foun d  ea ch  peak  
com p rised  tw o  su b fractions differing in b o th  ch ain  length  and  
term inal structure (T an ak a  et ai, 1977). T h ey  su ggested  that th e  
latter m a y  be du e to  partial degradation  b y  h y d ro ly tic  en zy m es.
A d a m ie tz  et ai (1 9 7 8 6 )  used  p o lyacry lam id e-gel e lectro ­
phoresis to  separate p o ly (A D P -r ib o se ) m olecu les o f  differing  
chain  lengths after alkaline d igestion  o f  labelled  iso la ted  nuclei. 
D isc rete  bands corresp on d ing  to  p o ly (A D P -r ib o se )  o f  up  to  33  
residues in length  w ere d etected  b y  fiuorograp hy. T h ey  w ere  
able to  sh ow  q uantitative d ifferences in the ch a in -len gth  pattern  
from  n uclei iso la ted  from  different tissu es b y  determ in ing the  
rad ioactiv ity  in ea ch  band.
A  sim ilar p ro to co l w as used  b y  T an ak a  et ai (1 9 7 8 )  to  
reso lve various fraction s o f  p o ly (A D P -r ib o se )  after h yd roxyap a-  
tite co lu m n  ch rom atograp h y . T h ey  w ere able to  sh o w  the p res­
en ce  o f  at lea st 65  d iscrete bands. A fter a n a lysin g  the chain  
length  o f  each  band co m p o n en t b y  the m eth o d  o f  N ish izu k a  et 
al. (1 9 6 9 ), they  foun d  an in creasing  chain  length  up  to  (A D P -  
ribpse))Q. B ands corresp on d ing  to  chain  len gths ab o v e  th is, h o w ­
ever, sh o w ed  n o  increased  chain  length  b y  the p h o sp h o d ies­
terase m eth od . T h ey  su ggested  that th is cou ld  b e  due to  the p res­
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C H ^ -O -P -O -P -O -C H
OH OH
C H ^ -O -P -O -P -O -C H j
Fig. 1. E n zym o lo g y  o f  A D P -rib o sy la tio n
1, P o ly (A D P -rib ose) synthetase; 2 , initiating enzym e; 3, phosphodiesterase; 4 , p o ly (A D P -rib ose)  
glycohydrolase; 5, A D P -r ib ose -p ro te in  hydrolase.
en ce  o f  a branched  p o lym er h aving m ore than  o n e A M P  
term inus. R ecen tly , M iw a et al. (1 9 7 9 )  h ave iso la ted  and identi­
fied a branched  structure w hereby additional A D P -r ib o se  m o le­
cu les are attached  to  p o ly (A D P -r ib o se )  v ia  a l" ' - 2 "  or a I’"— 
3" g ly co sid ic  lin k age w ith the ribose to  w hich  the n icotin am id e  
w a s originally  a ttached .
F arzan eh  & P earson  (1 9 7 8 )  used  the h yd roxyap atite-co lu m n -  
ch rom atograph y  m eth od  to  determ ine the chain  length  o f  
p o ly (A D P -r ib o se )  during develop m en t o f  the toad  Xenopus 
laevis. In all ca se s  they  found this m eth od  g a v e  larger estim ates  
than  the p h o sp h od iesterase  m ethod  o f  N ish izu k a  et al. (1 9 6 9 ). 
T h ey  prop osed  that [^ H ]N A D  w as in corporated  in vitro on  to  
pre-existing ch ain s syn th esized  in vivo.
(b) Identification of proteins modified in vitro. T w o  general 
a p p roach es h ave been  ad op ted  to  identify  protein  accep to rs in 
vitro. T h e first m ethod  co n sists  o f  iso la tin g  sp ecific  proteins 
from  n uclei labelled  w ith rad ioactive N A D , T h is m eth od  is res­
tricted to  the relatively  w ell defined proteins su ch  as h iston es. In 
this m anner several laboratories have sh ow n  h iston es H I  and  
H 2B  to  be the m ajor a ccep tors am ongst the h isto n es (see  H ilz  &  
S ton e, 1976; H a y a ish i &  U ed a , 1977). O ther accep to rs that 
have been  identified  are h igh-m obility-group  (H M G ) proteins, 
trout specific H 6  protein  and protam ines (W on g  et al., 1977). 
T an u m a et al. (1 9 7 7 )  studied  the A D P -r ib o sy la tio n  o f  h iston es  
in nuclei iso la ted  from  H eL a  cells. O n  extraction  o f  h isto n e  H 1 
w ith  H C IO 4  and acetic  a c id /u rea /p o ly a cry la m id e-g e l e lec tro ­
phoresis, the bulk o f  the rad ioactiv ity  w a s seen  to  m igrate m ore  
slo w ly  than  h iston e H I . S ton e et al. (1 9 7 7 )  have reported  a 
sim ilar result and h ave characterized  th is s low er-m ov in g  
m aterial as a dim er com p lex  con sistin g  o f  tw o  h iston e H 1  m o le­
cu les jo in ed  b y  a  single ch ain  o f  p o ly  (A D P -r ib o se )  o f  length  15 
A D P -r ib o se  units. T he sign ificance o f  su ch  a m odifica tion  will 
be d iscu ssed  in S ection  (3 )(h ).
A  broader stu d y  o f  p o ly (A D P -r ib o sy l)a tio n  h as b een  pre­
sented  by R ick w o o d  e t al. (1 9 7 7 ). [^^ P]A D P -ribosylated  p ro­
teins w ere separated  from  n u cleic  ac id s by C sC l-equ ilibrium - 
d ensity-gradient centrifugation , fractionated  on  h yd ro x y  apatite  
and  subjected  to  tw o-d im en sion a l gel e lectrop h oresis . S u b se­
q uent rad ioau tograph y sh ow ed  that m ore than  3 0  protein  
species w ere m odified . P roteins bearing variou s a m ou n ts o f  
A D P -r ib o se  w ere reso lved  b y  this m ethod .
A  new  ap p roach  for the separation  o f  A D P -r ib o sy la ted  p ro­
teins from  unm odified  p rote in s w a s recently  d evelop ed  by  
O k a y a m a  et al. (1 9 7 8 a ). T h e m eth od  u ses co m p lex -form ation  
betw een  the cis-2',3'-diol o f  the ‘n ico tin am id e’ ribose o f  the  
A D P -r ib o se  and im m ob ilized  a m in op h en y lb oron ic  acid . A m o n g  
the proteins sh ow n  to  be m odified  are h iston es H I ,  H 2 A , H 2 B  
and h igh-m ob ility -grou p  (H M G ) proteins (H a y a ish i et al.,
1979), and A 2 4  protein  (O k a y a m a  & H aya ish i, 1 9 7 8 ).
T h e seco n d  m eth od  u sed  to  determ ine i f  a p rotein  is m odified  
has been  to  incubate the protein  in a recon stitu ted  sy stem  w ith  
purified p o ly (A D P -r ib o se ) sy n th etase , D N A  and labelled  N A D .  
In this m anner, a (Ca^+ -t- M g^+)-dependent en d o n u c lea se  (Y osh i-  
hara et al., 197 5 ), and p o ly  (A D P -r ib o se )  sy n th eta se  itse lf  
(Y osh ih ara  et al., 1 9 7 7 ) h a v e  been  sh ow n  to  a c t  as accep tors. 
H ow ever, w hen  O k a y a m a  et al. (1 9 7 7 )  used  h isto n es in a sim ilar  
preparation , th ey  cou ld  n o t d etect an y  ra d ioactiv ity  a ssocia ted  
w ith any sta in ab le protein  b an d s after sod iu m  d o d ecy l su l­
p h a te / p o ly  acry lam id e-gel e lectrop h oresis . T h e bulk o f  the rad io­
activ ity  ran w ith  an Rp o f  0 .5 8 . E llison  (1 9 7 8 )  fou n d  the sam e  
result u sing a sim ilar m eth od ; it w as su b seq u en tly  foun d  that the  
peak  w a s present w h en  the  en zy m e preparation w a s om itted  or  
w h en  labelled  N A D  a lon e w a s analysed .
(c) Identification and quantification of mono- and poly-(ADP- 
ribosyl)ated proteins modified in vivo. T h e identification  o f  
A D P -r ib o sy la ted  proteins and the extent o f  their m odification  
during variou s fu n ction a l sta tes o f  a cell is crucia l to  under­
standing the p h y sio lo g ica l sign ificance o f  th is m odification . 
C larification  o f  th ese  p rob lem s presents w ork ers w ith several 
m ajor d ifficu lties. N o  su itab le precursor ex ists for labelling  
A D P -r ib o sy la ted  proteins in vivo. U se  o f  adenine, ribose or 
p h osp h ate  n ecessita te s rem ova l o f  con ta m in a n ts su ch  as nucleic  
acid s, p h osp h op rotein s or g ly co p ro te in s. R em o v a l m ust b e  c o m ­
plete, sin ce  am ou n ts o f  A D P -r ib o se -p r o te in  con jugates appear  
to  be m uch  less than  1% o f  the am oun t o f  D N A  or R N A . In  
addition , the lab ility  o f  the linkage to  p rotein s at neutral or 
alkaline p H  m ean s co n d itio n s m ust b e  carefu lly  controlled . A lso , 
it h as b een  su ggested  that turnover is extrem ely  rapid, p ossib ly  
less than  5 m in  (B en jam in  &  G ill, 1979). S o lu tion  o f  these prob ­
lem s h as been  ach ieved  b y  exp lo itin g  a num ber o f  properties that 
in com b in ation  are u n iqu e to  A D P -r ib o se  and p o ly (A D P -  
ribose). T h a t is, th ey  are cova len tly  a ttach ed  to  protein , p o ssess
(a) p yrop h o sp h a te  b o n d (s)  and in th e  ca se  o f  p o ly (A D P -r ib o se )  
con ta in  a l ” - 2 ' g ly c o s id ic  linkage.
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A D P -r ib o sy la tio n  o f  h iston es h as been  studied  b y  extraction  
w ith  in organ ic  acid  o f  ce lls labelled  in vivo and  reso lv ing  the  
protein s present. U e d a  et al. (1 9 7 5 )  sh o w ed  th a t h isto n es H I ,  
H 2  and  H 3  are m odified , and  O rd &  S to ck en  (1 9 7 5 )  sh ow ed  
th a t h isto n e  H I ,  a protein  P I  and a sm all peptide w ere all m od i­
fied; b oth  groups u sed  rat liver. M ore recently , A d a m ie tz  et al. 
(1 9 7 8 a )  u sed  a  different extraction  procedure to  sh o w  th a t h is­
to n e  H 1 w a s A D P -r ib o sy la ted  in H eL a  cells  by b o th  m o n o - and  
p o ly -(A D P -r ib o se ). In co n trast w ith  th e  stud ies in vitro b y  S ton e  
et al. (1 9 7 7 ) , th ey  cou ld  n ot d etect h iston e H I  dim er.
V ariou s groups have u sed  iso to p ic  m eth od s to  sh o w  quali­
ta tiv e  ch a n g es in the am oun t o f  m on o- and  p o ly -(A D P -r ib o se )  
under variou s cell con d ition s. C o lyer  et al. (1 9 7 3 )  sh o w ed  d iffer­
en ces  in con cen tra tion s o f  p o ly (A D P -r ib o se )  during th e  cell 
c y c le  o f  syn ch ron ized  L -cells. A fter  pu lse-labelling w ith  
[^H] ad en osin e , nuclei w ere iso la ted  and treated  w ith  alkali. 
D N A  and protein  w ere rem oved  b y  h igh -sp eed  centrifugation  
and  [^H ]-labelled p o ly (A D P -r ib o se ) in th e  supernatant w as  
recovered  b y  acid  precip itation . P o ly (A D P -r ib o se )  w a s then  
h y d ro ly sed  in HCIO4 at 9 0 ° C  and the rad ioactiv ity  determ ined. 
G h a n i &  H ollen b erg  (1 9 7 8 6 )  used  a sim ilar ap p roach  to  sh ow  
d ifferen ces in p o ly (A D P -r ib o se ) in  ch ick -em b ryo  heart cells 
after grow th  in 5 and 20%  0%. C ells w ere labelled  w ith  
[ ‘^C lribose and treated  w ith  acid  to  p recip itate m a cro m o le ­
cu les . A fter  w ash in g , the pellet w as treated  w ith alkali, d igested  
w ith  d eoxyrib o n u clea se  and rib on u clease , fo llow ed  by centrifu ­
ga tio n  and then the supernatant deprotein ized  w ith  ch lo ro ­
fo r m /3 -m e th y lb u ta n -l-o l m ixture. T h e [*‘‘C ]p o ly  (A D P -r ib o se )  
w a s recovered  from  the aq u eou s layer b y  add ition  o f  ethanol. 
D ietr ich  et al. (1 9 7 3 )  used  n uclei iso la ted  from  rat livers lab el­
led  in vivo w ith  [^^P]P, to  sh o w  relative am ou n ts o f  h yd roxy l-  
am in e-sen sitive  and -resistant A D P -r ib o sy la ted  proteins. A fter  
trea tm en t o f  nuclei w ith  tr ich loroacetic  acid  and w ash in g , the  
p ellet w a s suspended  in 0 .4  M -hydroxylam ine, p H  7 .0 , for I h  at 
0 ° C .  T h e  m ixture w a s centrifuged  and th e  supernatant then  
treated  w ith  acid and centrifuged  again . T h e supernatant from  
th is w a s an a lysed  b y  io n -ex ch a n g e  and thin -layer ch ro m a to ­
grap h y , w h ich  sh ow ed  th at 1 1 % o f  the recovered  rad ioactiv ity  
co rresp on d ed  to  A D P -r ib o se  and 3%  to  o lig o (A D P -r ib o se ). T he  
pellet w a s d igested  w ith  P ro n a se , d eo x y r ib o n u clea se  and ribo­
n u c lea se  and the p rod u cts an a ly sed  b y  h yd roxy lap atite  ch ro m ­
ato g ra p h y  (section  la ) .  T h e m ateria l eluting at th e  sam e p o si­
tion  as authentic p o ly (A D P -r ib o se )  w a s h y d ro lysed  w ith  snake- 
v en o m  p h osp h od iesterase . P h o sp h o r ib o sy l-A M P  cou ld  n o t be  
d etected  b y  t.l.c . a n a lysis , w h ich  su g g ests  that n o  p o ly (A D P -  
rib ose) w a s present in th is fraction , a lthou gh  it is  p oss ib le  that 
d egrad ation  occurred  during the  iso la tio n  procedure.
A ll th e  m eth od s described  ab o v e  w ere d esign ed  to  sh o w  q u ali­
ta tiv e  ch a n g es o f  A D P -r ib o sy la ted  proteins. D escr ib ed  b elow  
are m eth o d s that attem pt to  q u an tify  am ou n ts in vivo.
S to n e  et al. (1 9 7 6 )  u sed  an iso top e-d ilu tion  m eth od  to  
q u an tify  p o ly (A D P -r ib o se )  in variou s rat tissu es. [^H] a d en o ­
sin e-lab elled  p oly  (A D  P -ribose) o f  k n ow n  sp ecific  rad ioactiv ity  
w a s sy n th esized  in vitro, and  then  added  to  a  h o m o g en a te  o f  the  
rat tissu e . A fter treatm ent w ith  alkali and h y d roxy lam in e the  
p o ly (A D P -r ib o se )  w a s p artia lly  purified b y  io n -ex ch a n g e  
ch rom a to g ra p h y . T he d igestion  p rod u ct from  sn ak e-ven om  
p h o sp h o d iestera se , p h o sp h o r ib o sy l-A M P , w a s p artia lly  purified  
b y  pap er ch rom atograph y and after d igestion  w ith  a lkaline  
p h o sp h a ta se , r ib osy lad en osin e  w as purified to  co n sta n t sp ecific  
ra d io a ctiv ity . F rom  this, and the k n ow n  starting sp ecific  acti­
v ity , th e  am oun t o f  unlabelled  (in vivo) p o ly (A D P -r ib o se )  w as  
ca lcu la ted  to  be 5 .5 9 n m o l/m g  o f  D N A  for adult and  
6 J 2 n m o l /m g  o f  D N A  in  neon ata l-rat liver. M o n o (A D P -  
rib ose), determ ined b y  a sim ilar m eth od  (S ton e &  H ilz , 1 9 7 5 )  
g a v e  v a lu es o f  5 .28  and 2 .1 9  nm ol o f  A D P -r ib o se /m g  o f  D N A  
for ad u lt an d  neonata l-rat liver resp ective ly .
A n  o p tic a l test w a s d evelop ed  b y  G oeb el et al. (1 9 7 7 )  to  
q u a n tify  h y d roxy lam in e-sen sitive  and  -resistant m o n o (A D P -  
r ib o sy l)a ted  proteins in rat liver and E hrlich  asc ites-tu m ou r cells.
T h e m eth o d  relies on  the release o f  5 '-A M P , as a  unique pro­
d u ct, from  A D P -r ib o se  or m o n o (A D P -r ib o sy l)a ted  A D P -p r o -  
tein s u p o n  treatm ent w ith  alkali. 5 -A M P  w a s quantified  by  
u sin g  a linked en zy m e  assa y . H yd roxy lam in e-sen sitive  
m o n o (A D P -r ib o se )  is p resent in Ehrlich A sc ite s  T um our cells at 
approx. 1 n m o l/m g  o f  D N A  and d oes n o t appear to  vary  
th rou gh ou t the grow th  cy c le . T h e authors reported  that am ounts  
o f  p o ly (A D P -r ib o se )  cou ld  b e  determ ined  b y  the  m eth od  after 
d igestion  w ith  p o ly (A D P -r ib o se )  g ly co h y d ro la se . T he chain  
length  o f  the p o lym er cou ld  a lso  be determ ined b y  m easuring the 
ratio o f  n m o l o f  A D P -r ib o se  released  b y  p o ly (A D P -r ib o se )  
g ly co h y d ro la se  to  nm ol o f  5 '-A M P  released  b y  p h o sp h o d ies­
terase. A lth o u g h  n o  va lu es w ere reported for m aterial in vivo, 
the m eth od  g a v e  com p a ra tiv e  va lu es for p o ly  (A D P -r ib o se )  sy n ­
th esized  in vitro w ith  va lu es obtained  b y  the m eth od  o f  N ish i­
zu k a  et al. (1 9 6 9 ).
T w o  groups h a v e  u sed  fluorim etric a ssa y s  to  determ ine  
a m ou n ts o f  p o ly  (A D P -r ib o se )  in vivo. N ied ergan g  et al. (1 9 7 8 )  
treated  rat liver iso la ted  nuclei w ith  alkali and  purified the  
released  p o ly  (A D  P -ribose) by a four step p rocedure. A fter  
en zy m ic  h y d ro ly sis , either A D P -r ib o se  or p h osp h o rib o sy l-A M P  
w ere quantified  fluorim etric a lly  b y  the g ly o x a l m eth od  o f  Y uki et 
al. (1 9 7 2 ). S im s et al. (1 9 7 9 )  reported a d ifferent m eth od  based  
o n  the d ih yd roxyb orate  co lu m n  o f  O k a y a m a  et al. (1 9 7 8 a ). 
P o ly (A D P -r ib o se )  from  crude cellu lar extracts o f  3T 3 cells w as  
purified b y  this m eth od , and after d igestion  w ith  snake-venom  
p h osp h od iestera se  and alkaline p h osp h atase; r ib osy lad en osine  
w a s treated  w ith  ch loroaceta ld eh yd e. A fter purification  b y  high- 
pressure liquid ch rom atograp h y  the d erivative w as quantified. 
N ied erg a n g  et al. (1 9 7 8 )  m easured  v a lu es o f  3 .3 5  n m o l/m g  o f  
D N A  for adult rat liver. S im s et al. (1 9 7 9 )  reported  no values 
for the  a m ou n t o f  p o ly  (A D  P -ribose).
A n tib od ies aga in st p o ly (A D P -r ib o se ) h ave been  u sed  as a 
b asis for determ ining am oun ts in vivo b y  rad io im m u n ology . The  
first report o f  an tib od ies raised aga in st p o ly (A D P -r ib o se )  w as  
by K an a i et al. (1 9 7 4 ). T h e final preparation w a s highly specific  
and co u ld  d etect p o ly (A D P -r ib o se )  at 3 ; /g /m l. T h e sam e  
authors later m easured  the am oun ts o f  p o ly (A D P -r ib o se ) in ca lf  
th ym u s to  b e  0 .0 2 / /g /m g  o f  D N A  (Sakura et al., 1977). T h ey  
a lso  sh ow ed  that a n ti-[p o ly (A D P -r ib o se)] an tib od ies w ere pre­
sent in the sera o f  patients w ith the auto im m une d isease  
sy stem ic  lupus ery th m atosu s (K an a i et al., 1977). O kolie  & 
Shall (1 9 7 9 )  su ggest that su ch  antibod ies m a y  provide a useful 
d ia g n o stic  test for th e  d isease . A n tib od ies to  p o ly (A D P -r ib o se )  
w ere raised  in resp on se  to  in jected  p o ly  (A ) « p o ly  (U ) (K an a i et 
al., 19 7 8 ) and a p h o sp h o r ib o sy l-A M P -b o v in e  serum  album in  
co n ju gate  (Sak u ra  et al., 1978). N o  q uantitative d ata  h as been  
reported  w ith  th ese  antibod ies. K idw ell &  M a g e  (1 9 7 6 )  used  
antib od ies aga in st p o ly (A D P -r ib o se )  to  eva lu ate  am ounts  
during the cell c y c le  o f  H eL a  cells. T h e m axim u m  am oun t w as  
8 3 n g /m g  o f  D N A . F erro et al. (1 9 7 8 )  used  antibod ies against 
p o ly  ( A D P -r ib o se ) 4 Q to  determ ine am oun ts o f  p o ly  (A D P -r ib o se )  
in variou s rat and p igeon  tissu es. N u cle i w ere iso la ted  b y  an 
organ ic-so lven t techn ique, thereby m inim izing the e ffect o f  
degrad ative en zy m es. A m o u n ts ranged  from  5 8 n g /m g  o f  D N A  
in rat liver to  over 1 pg/mg o f  D N A  in p igeon  heart. It w a s n o te­
w o rth y  that treatm ent w ith  n icotin am id e, an inhibitor o f  
p o ly  (A D P -r ib o se ) syn th eta se  (section  \d), increased  the  
am ou n ts o f  p o ly (A D P -r ib o se )  in rat liver and  rat heart. T his  
m ay be du e to  in creased  am ou n ts o f  N A D  in resp on se  to  n ico ­
tinam ide.
B redehor St et al. (1 9 7 8 a ,6 )  developed  a rad io im m u n oassay  
b ased  on  antib od ies to  5 '-A M P  to  q uantify  protein-bound  
m on o- and p o ly -(A D P -r ib o se )  residues. T he released  
m o n o (A D P -r ib o se )  and A D P -r ib o se  derived from  polym er, 
after treatm ent w ith  p o ly (A D P -r ib o se ) g ly co h y d ro la se , w as  
con verted  in to  5 '-A M P  b y  treatm ent w ith  N a O H  and then  
a ssayed . V alues ob ta in ed  for the sensitive m o n o (A D P -r ib o se )  
residues in sta tionary-p h ase  E hrlich  asc ites-tu m ou r cells and rat 
liver w ere 0 .4 8  n m o l/m g  o f  D N A  and 5 .3 n m o l/m g  o f  D N A  res-
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p éctively . T ota l N a O H  released  m o n o  (A D  P -ribose) residues  
w ere 1.66 n m o l/m g  o f  D N A  for Ehrlich asc ites-tu m ou r cells and  
1.26  n m o l/m g  o f  D N A  for rat liver (B redehorst et ai, 1979c).
A ll o f  the m eth od s d escribed  ab ove d epend , at som e stage, on  
the hyd ro lysis o f  th e  p r o te in -A D P -r ib o se  b ond . D escrib ed  
b elow  are tw o  m eth od s th at rely on  keep ing this b ond  in tact and  
th a t cou ld  thus be u sed  for subsequent identification  and q u an ­
tification  o f  m odified  proteins. Y ou n g  & S w een ey  (1 9 7 8 , 1 979)  
w ere able to  iso la te  A D P -r ib o sy la ted  proteins from  unfertilized  
m o u se  o v a  labelled w ith  [^H ]adenosine. S in ce  the o v a  w ere n ot 
actively  syn th esiz in g  D N A  and R N A  during the labelling  
period , all the acid -in so lu b le rad ioactive m aterial w as p resent as 
either p o ly (A ) tracts or A D P -r ib o sy la ted  proteins. T h ese  cou ld  
be iso la ted  b y  rem ova l o f  other p o ly n u c leo tid es by extraction  
w ith  ch lo ro fo rm /p h en o l and d igestion  o f  the precip itated  
m aterial w ith  r ib on u cleases fo llow ed  b y  p recip itation  o f  the p ro­
tein. A cid -so lu b le  n u cleo tid es and  n u cleo sid es cou ld  b e  rem oved  
b y  w ashin g , a lthough  th e  authors did report that som e A T P  w as  
still retained.
W h ish ’s group (Purnell et ai, 1980; S u row y  & W hish  1980)  
used  a m odification  o f  the density-gradient-centr ifugation  
m ethod  o f  R ick w o o d  et al. (1 9 7 7 )  to  rem ove nu cleic  ac id s from  
[^H ]adenosine-labelled  w h ole-cell h o m o g en a tes . T he relative  
p roportions o f  m o n o - and p o ly -(A D P -r ib o se ) co n ju gates cou ld  
be determ ined b y  t.Lc. o n  p o lyethy len eim in e—cellu lose after b a se  
h yd rolysis . B y  o m issio n  o f  the alkali step , the proteins can  be  
reso lved  b y  u sin g  m eth od s used  b y  R ick w o o d  et al. (1 9 7 7 )  and  
the [^ H ]A D P -rib osy lated  proteins detected  b y  fluorography.
(d) Synthesis of poly{ADP-ribose). E arly  a ttem pts to  purify  
p o ly (A D P -r ib o se ) sy n th eta se  w ere su m m arized  b y  H ilz  &  S ton e  
(1 9 7 6 ), and T ab le  1 lists the purification  procedures that have  
b een  developed  sin ce th a t tim e. K h an  &  Shall (1 9 7 6 )  w ere the 
first to  attem pt to  u se affin ity ch rom atograph y . A  purification  o f  
85-fo ld  w as ach ieved  b y  using a co lu m n  con ta in in g  n ico tin ­
am ide and 3 4 -fo ld  w ith  on e  con ta in in g  B lu e D extran . In both  
c a se s  the yield  o f  e n zy m e  activ ity  w a s greater than  100% . T h is  
m ay b e due to  rem ova l o f  d egradative e n zy m es or, as the  
authors su ggest, an en d ogen o u s inhibitor. Several published  
m eth od s have since u sed  sim ilar steps. T h e affin ity o f  the  en zy m e  
for D N A  w as first exp lo ited  b y  K risten sen  &  H oltlu n d  (1 9 7 6 ). 
A  131-fo ld  purification  w as ach ieved  b y  p h osp h ate  extraction  
and D N A -c e llu lo s e  ch rom atograph y . A n  add itional isoelectric- 
focu sin g  step  w a s later included  (K risten sen  & H oltlund , 1 978) 
to  ach ieve a final purification  o f  70 0 -fo ld . T sop an ak is et al. 
(1 9 7 6 )  and E llison  (1 9 7 8 )  ob served  th a t the final en zy m e pre­
p aration  w as extrem ely  labile. T o  m inim ize in activation  during  
purification, T sop an ak is et al. (1 9 7 7 )  later u sed  an organ ic so l­
ven t [50%  (v/v) eth y len e g lyco l] at 4 ° C  and at —1 0 °C  (T so p a n ­
akis et al., 1 9 7 8 a ) to  ach ieve  higher purification  and yield  o f  
en zy m e activity.
T he m olecu lar w eight o f  the en zy m e h as been  sh ow n  to  vary  
from  6 2 0 0 0  in pig thym u s (T sop an ak is et ai, 1 9 7 8 a ) to  1 3 0 0 0 0  
in c a lf  th ym u s (Y osh ih ara  et al., 1978). T h e m o st exh au stive  
ch aracterization  o f  p o ly (A D P -r ib o se ) sy n th etase  is th a t o f  Ito  et 
al. (1 9 7 9 ). T he apparently h o m o g e n e o u s en zy m e preparation  
had a m ol.w t. o f  1 1 0 0 0 0 . Sed im entation  d ata  su ggests the  
en zy m e is a g lobular protein  w ith  slight asym m etry . T h e  en zy m e  
has a p i  o f  9 .8  and am ino  acid  an a lysis sh ow ed  m ore ly sin e  than  
arginine residues. T h e A -term in u s appears to  be b locked; this is 
in agreem ent w ith the d ata  o f  T so p a n a k is et al. (1 9 7 8 a )  for the  
pig th ym u s en zym e.
In addition to  the u se o f  purified en zy m e preparations, studies  
o n  the syn th esis o f  p o ly (A D P -r ib o se )  in iso la ted  n uclei or crude  
nuclear extracts h ave been  u sed  to  ch aracterize p o ly (A D P -  
ribose) syn th etase. T he en zy m e requires Mg^+ and a  th io l-co n ­
tain ing reagent for m axim al activ ity . T he pH  optim um  is 
approx. 8  and the tem perature optim um  is u su a lly  so m e 1 0 -  
1 5 °C  b elow  the o p tion a l grow ing tem perature o f  the  cells or  
tissu e  from  w hich  the en zy m e is iso la ted . T he for N A D +  
varies from  4 0 //m  in quail ov id u ct to  1.5 mM in  m o u se  L -cells  
(H ilz  & S ton e, 1976). T he specific ity  for ft-NAD is h igh; neither  
N A D H j  nor N A D P +  is in corporated . V arious N A D  an a logu es  
w ith  altered adenine m oieties are incorporated  into m onom er or  
polym er but at m uch  slow er rates than  N A D +  (Suhadoln ik  et 
al., 1977). T h e en zy m e is tightly  bou n d  to  D N A , and  purified  
p reparations a lso  h ave an absolu te requirem ent for D N A  (e.g . 
Ito  et al., 1979). F ragm en ted  D N A  stim ulates syn th esis  m ore  
than  native D N A . A  recent study (B enjam in  & G ill, 1 978) 
sh o w s that p lasm id -P M B 9 supercoiled  D N A  supported  activ ity  
o f  a partially  purified en zy m e preparation. A ctiv ity  w a s further 
stim ulated  w hen  the D N A  w a s ‘n icked’ o n c e  w ith E c o R I res­
triction en d o n u clease  or greatly  stim ulated  w h en  n ick ed  over 2 0  
tim es w ith  the Haelll en zym e. Y osh ih ara  et al. (1 9 7 7 ) , b y  
u sing en zym e-saturation  stud ies, com p ared  the  ab ility o f  variou s  
D N A  m olecu les to  support p o ly (A D P -r ib o se ) sy n th esis . C a lcu ­
la tion s sh ow ed  m axim al activ ity  at approx. 2 0 0  b ase-p a irs w ith  
highly p o lym erized  c a lf  th ym u s D N A , 4 0  b ase-p a irs with  
p o ly (d A )-p o ly (d T ) and o n ly  10 base-pairs w ith  an ‘a c t iv e ’ D N A  
recovered  during purification  o f  the en zy m e. T h is a c t iv e  D N A  
has been partially  characterized  (Y osh ih ara  et al., 1 9 7 8 ;  H as- 
hida et al., 1979). It had a m ol.w t. o f  2 0 0 0 0 0  and a G C  content 
o f  43% .
H iston es h ave been  reported  b y  m a n y  grou p s (see , e.g ., the 
references in T ab le 1) to  stim ulate the activ ity  o f  purified  
p o ly (A D P -r ib o se ) syn th etase . Y osh ih ara  et al. (1 9 7 8 )  show ed  
that a lthough  h iston es stim ulated  A D P -r ib o sy la tio n  100 or 
400%  w ith in tact or partially  denatured c a lf  th y m u s D N A  res­
p ectively , activ ity  w a s near m axim al even  w ith o u t h iston es in the 
presen ce o f  p o ly (d A )« p o ly (d T ) or ‘a ctive’ D N A ;  stim ulation  by 
h iston es w as on ly  8 -2 5 % . T h ey  su ggest h isto n es m ay stim ulate
T ab le  1. Purification of poly{ADP-ribose) synthetase
Tissue
Purification
(fold) Yield (%) Reference
Pig th ym us 85 > 1 0 0 K han & Shall (1 9 7 6 )
34 > 1 0 0 K han & Shall (1 9 7 6 )
2500 50 T sopanakis e t al. (1 9 7 6 )
7525 70 T sopanakis e t al. 0 9 7 7 )
9235 46 T sopanakis e t al. (1 9 7 8 a )
C a lf thym us 550 3.4 O kazaki e t a l. (1 9 7 6 )
3000 6 M andel e t al. (1 9 7 6 )
1300 1 0 -2 0 Y osh ihara e t al. (1 9 7 8 )
5000 15 O k ayam a e t al. (1 9 7 7 )
1250 14 Ito et a/. (1 9 7 9 )
Ehrlich ascites cells 131 33 K ristensen & H oltlund (1 9 7 6 )
700 25 K ristensen & H oltlund (1 9 7 8 )
C hronic-leucocytic-leuk aem ia cells N o  data given E llison (1 9 7 8 )
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syn th esis b y  m ask in g  inhibitory  section s o f  D N A . O k a y a m a  et 
al. (1 9 7 7 )  sh o w ed  that h isto n es w h en  added to  purified en zy m e  
and D N A  w ere n ot A D P -r ib o sy la ted  th em selves, but activated  
sy n th esis  in so m e  other w a y . The sam e group (U e d a  et al.,
19 7 9 ) h ave sin ce  sh ow n  that an A D P -r ib o se -h is to n e -H  1 con ju ­
ga te , sy n th esized  b y  the Sch iff-base m eth od  o f  K un et al.
(1 9 7 6 ), w a s ab le to  act as an accep tor in the sam e system . A  
p o ssib le  exp lan ation  for th is result is that ‘in itiating’ en zy m es, 
required for attach in g  the first ‘A D P -r ib o se ’ m oiety  to  protein , 
are either lo st  or inactivated  during purification  o f  the  
p o ly  (A D P -r ib o se )  syn th etase . Y oshih ara  et al. (1 9 7 7 ), h o w ­
ever, reported  that a purified en zy m e preparation  cou ld  in cor­
p orate A D P -r ib o se  in th e  p resence o f  D N A  w ith  the en zy m e  
itse lf  actin g  as acceptor. B y  perform ing in cu b ation s w ith N A D  
for different tim es, they  found  the m obility  o f  the en zy m e on  
sod ium  d o d ecy l su lp h ate/p o lyacry lam id e-gel e lectrop h oresis  
w a s altered. T h ey  also  w ere able to  sh ow , togeth er w ith  N o la n  
(1 9 7 8 ), b y  u sin g  p u lse -c h a se  experim ents, that elon gation  o f  
p o ly (A D P -r ib o se )  occurred  b y  addition  o f  A D P -r ib o se  on  to  the  
A M P  term inus o f  the grow in g  chain . U ed a  et al. (1 9 7 9 )  reached  
a sim ilar con clu sio n  after analysing  the reaction  product o f  
in cu b ation s in the presence o f  A D P -r ib o se -h is to n e -H  1 
con jugates.
S yn th esis  o f  p o ly (A D P -r ib o se ) in iso la ted  n uclei is inhibited  
b y  vario u s groups o f  com p ou n d s. Substrate an alogu es su ch  as 
a - N A D  and  N A D H ;  are potent inhibitors (see H ilz  & S ton e,
1976). Poirier et al. (1 9 7 8 )  reported that h igh con cen tra tion s o f  
^  N A D  a lso  inhibited, su ggestin g  n egative  co-op erativ ity . End- 
p rod u ct inhibition  b y  n icotin am id e and 5 -m eth yln icotin am ide  
h a s been  d em onstrated  (eg . C lark et ai, 1971). T h e en zy m e is 
a lso  inh ibited  b y  thym id ine and som e o f  its an a logu es (P reiss et 
al., 19 7 1 ), a lthou gh  the sign ificance o f  th is inhibition is n o t  
u n d erstood . M ore recently , L evi et al. (1 9 7 8 )  have sh ow n  that 
m eth y la ted  xanth ines and cy tok in in s w ere a lso  g o o d  inhibitors. 
T h e m o st potent inhibitors are the 3 -substituted  b en zam ides  
(M . R . Purnell & W . J. D . W hish , unpublished  w ork). T h e latter  
au th ors a lso  sh ow ed  3 -am in ob en zo ic  acid  and variou s aceto -  
p h en o n es w ere g o o d  inhibitors o f  p o ly (A D P -r ib o se )  syn th etase .
P o ly a m in es  have been  sh ow n  to  stim ulate A D P -r ib o sy la tio n  
in  iso la ted  nuclei from  variou s tissu es (M uller & Z ah n , 1 9 7 6 a ;  
T a n ig a w a  et al., 1977; Perrella & L ea, 1 978 , 1979). A  differ­
ential e ffec t w as reported in the p resen ce and ab sen ce o f  Mg^+. 
N o n  h isto n e  proteins w ere p redom inantly  m odified in the p res­
en ce  o f  Mg^+, w hereas h iston es w ere pred om inan tly  m odified  in 
th e  a b sen ce  o f  Mg^+ (T an igaw a  et al., 1977). Perrella & L ea
(1 9 7 8 )  sh o w ed  that sperm ine cau sed  increased  A D P -r ib o sy ­
la tion  o f  h iston e H I  w ith con co m ita n t d ecreased  A D P -r ib o sy ­
la tion  o f  core  h iston es. T h ese  effects can n o t be exp lained  b y  
inh ibition  o f  d egradative en zy m es, sin ce W h ish ’s group  (W hitb y  
et al., 19 7 9 ) sh ow ed  that p o ly a m in es cau sed  no inhibition  o f  
p o ly (A D P -r ib o se )  g ly co h y d ro la se  in iso la ted  nuclei from  w h eat  
seed . P o ly a m in es appear to  ca u se  ch a n g es in A D P -r ib o sy la tio n  
b y  altering the a ccessib ility  o f  accep tor  proteins rather than  b y  
stim ulating p o ly (A D P -r ib o se )  sy n th etase  (see  section  2h).
R ecen tly  tw o  groups hâve develop ed  n u cleotid e-p erm eab le  
cell sy s tem s w ith w hich  to  perform  p o ly (A D P -r ib o se )  sy n th e­
ta se  m easu rem en ts (H a lld o rsso n  et al., 1978; Berger et ai, 
1978 a ). T h ese  authors believe that su ch  sy stem s m ore c lo se ly  
reflect en zy m e  activ ity  in vivo than  do the iso la ted  nuclei used  
p rev iou sly . H a lld orsson  et al. (1 9 7 8 )  sh ow ed  p erm eabilized  L- 
cells in corp orate  [^ H ]A D P -rib ose  at a m uch  low er rate than  d o  
iso la ted  nu clei. P reincubation  o f  perm eabilized  cells resulted in 
en zy m e  activ ity  m ore c lo se ly  resem bling iso la ted  nuclei. H o w ­
ever, w h en  the size o f  D N A  w as determ ined  by a lkaline su cro se  
d en sity  grad ients, the higher activ ities appeared  to  be a result o f  
the  D N A  d am age . T h is finding w as confirm ed by preincubating  
p erm eable ce lls in the p resen ce o f  the factors required for D N A  
repair. In th is ca se  no in crease in activ ity  w a s ob served . Berger  
et al. (1 9 7 8 a )  perform ed a m uch  fuller ch aracterization  o f  
perm eab le L -cells and the  resu lts ob ta ined  are reported in
sectio n  (3 ). P erh ap s m o st sign ificant w a s the ob serv a tio n  that 
ad d ed  d eo x y r ib o n u clea se  greatly  stim ulated  en zy m e activ ity .
(e ) Degradation of poly{ADP-ribose). P o ly (A D P -r ib o se )  has  
tw o  b on d s th at are k n ow n  to  be su scep tib le  to  en zy m ic  h y d ro ­
ly sis . T he p y ro p h o sp h a te  b on d  is c leaved  en d on u cleo lyticaU y by  
a p h o sp h o d iestera se  from  th e sn ak e Crotalus adamanteus, pro­
d u cin g  p h o sp h o r ib o sy l-A M P  and 5' A M P  (C h a m b o n  et al., 
19 6 6 ; N ish izu k a  et al, 1967; F ujim ura et al, 1967). E xon u c-  
leo ly tic  c lea v a g e  from  the A M P  term inus is m ed iated  b y  a  p h o s­
ph od iesterase  from  rat liver (F u ta i et al, 1967 , 1 968; M atsu -  
bara  et al, 19 7 0 ). A  p h osp h od iesterase , o f  u n k now n  specific ity , 
from  cultured to b a c c o  (Nicotiana tabacum) cells (M iw a  et al, 
19 7 5 a ; Shin si et al, 1976), a lso  c lea v es the  polym er. H ow ever, 
d eo x y r ib o n u clea se , r ib on u clease, m icro co cca l n u clease , spleen  
p h o sp h o d iestera se  and n u cleo tid e  p y ro p h o sp h a ta se  h a v e  no  
effect on  p o ly (A D P -r ib o se )  (H a seg a w a  et al, 1967).
T h e  r ib o se -r ib o se  b ond  is c leaved  b y  an en zy m e  called  
p o ly (A D P -r ib o se )  g ly co h y d ro la se . T h is en zy m e w as first d is­
covered  in the n u cle i o f  c a lf  th ym u s b y  M iw a & Sugim ura  
(1 9 7 1 ) , w h o  foun d  it to  be m ain ly  a sso c ia ted  w ith ch rom atin . It 
h as been  purified 2 0 0 -fo ld  w ith  5% yield  and c leaves p o ly (A D P -  
rib ose) ex o n u c leo ly tic a lly , leav in g  the  term inal A D P -r ib o se  
m o iety  a ttach ed  to  protein . T he en zy m e w a s inhibited b y  cy c lic  
A M P , A D P -r ib o se  and p -ch lorom ercu rib en zoate  (M iw a  et al,
1974). U e d a  et al. (1 9 7 2 )  have sh ow n  th at p o ly (A D P -r ib o se )  
g ly co h y d ro la se  o ccu rs  in a  rat liver n uclei so lu b le  fraction . T h is  
en zy m e  appears to  be identical w ith en zy m e found  in the  
in so lu b le  ch rom atin  fraction  (M iy a k a w a  et al, 1972). It h as a lso  
been  foun d  in m o u se  L -cell nuclei (S to n e  et al, 19 7 3 ), the slim e  
m ould  Physarum polycephalum (T an ak a  et al, 1976), in  w h eat  
em b ryo  (W h itb y  & W hish , 1 9 7 8 ) and in rat testis (B u rzio  et al,
1976). A  co m p a riso n  o f  properties is  fou n d  in T a n a k a  et al
(1 9 7 6 ). O n  th e  b asis o f  d ifferent p H  op tim a  and K C l stim u ­
la tion  there appear to  be tw o  en zy m es p resent in rat testis. M iw a  
et al (1 9 7 5 6 )  h ave sh ow n  that in various rat tissu es p o iy (A D P -  
rib ose) g ly co h y d ro la se  is the m ajor degrad ative en zy m e for  
p o ly  (A D P -r ib o se ) .
D N A  h as been  sh ow n  to  inhibit p o ly (A D P -r ib o se )g ly c o -  
h yd ro lase  in severa l sy stem s (see  H ilz  & S ton e, 1976). D e n a ­
tured  D N A  is an ex trem ely  p otent inhibitor o f  the en zy m e. 
O ou b le-strand ed  D N A  has a variable inh ibitory e ffect that m ay  
sim p ly  be a reflection  o f  the  s in g le -stra n d ed -D N A  im purities in  
the p reparations u sed . S to n e  et al (1 9 7 8 )  sh o w ed  that the  
en zy m e w as b o u n d  m ore tightly  to  denatured  D N A -c e l lu lo s e  
than  to  d o u b le -s tr a n d e d -D N A -c e llu lo se . Inhib ition  o f  the  
en zy m e  by high co n cen tra tion s o f  D N A  cou ld  b e  o v erco m e  by  
either in creasing  the  ion ic strength  o f  the  m ed ium  or b y  adding  
h isto n e  H I ,  and th ey  su ggested  that b o th  o f  these  treatm ents  
m ay be d isp lacin g  th e  en zy m e from  inh ibitory  (p o ssib ly  sin g le­
stranded) p ortion s o f  D N A .
S y n th esis o f  h isto n e  H I  ‘d im er’ (S to n e  et al, 1 977) in  nuclei 
o f  various cell ty p e s  sh ow ed  an in verse correlation  w ith  
p o ly (A D P -r ib o se )  g ly co h y d ro la se  activ ity  (L orim er et al,
197 7 ). T hus H eL a -ce ll n uclei producing  h iston e H I  ‘d im er’ 
p o ssessed  n o  d etectab le  p o ly (A D P -r ib o se )  g ly co h y d ro la se  a cti­
v ity , w hereas M T W -9  rat m am m ary n u cle i had h igh  e n zy m e  
activ ities but n o  dim er. It w a s sh o w n  that c a lf  th y m u s  
p o ly (A D P -r ib o se )  g ly co h y d ro la se  (purified 2 0 0 -fo ld  b y  the  
m eth od  o f  M iw a  et al, 1 975) h y d ro lysed  h iston e H I  d im er from  
H e L a  cells at one-n in th  the rate o f  an equ ivalent m a ss  o f  
p o ly (A D P -r ib o se ) ij . T he rate o f  d egrad ation  o f  the ‘d im er’ w as  
in creased  2-fo ld  b y  the addition  o f  D N A  at a ratio  o f  2 : 1  w ith  
h isto n e  H I  (S to n e  et al, 1978), su ggestin g  that D N A  m a y  
ca u se  a con form ation a l ch an ge in the structure o f  the  
‘d im er’.
V ariou s w ork ers have ob served  that p o ly (A D P -r ib o se )  g ly c o ­
h yd ro lase  d o es  n o t rem ove the final A D P -r ib o se  residue from  
protein  (B u rzio  et al, 1 976; M iw a  et al, 1974; S to n e  et al,
1977). M ore recently , O k a y a m a  et al (1 9 7 8 6 )  h ave sh o w n  the  
presen ce o f  an e n z y m e  in rat liver nuclei th a t rem oves th e  A D P -
V o l.8
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rib ose from  m o n o (A D P -r ib o sy I)a ted  h iston e H 2B . T h e reaction  
p rod u ct is n o t, h ow ev er , A D P -r ib o se .
(2 )  Biological role of ADP-ribosylation
(а ) Introduction. S in ce  H o g eb o o m  & Schneider (1 9 5 2 )  d is­
covered  that N A D  p y ro p h o sp h o ry la se  is ex clu sive ly  lo ca ted  in  
the  n u cleu s, variou s au th ors have su ggested  that N A D  fulfils a 
role in  add ition  to  that o f  resp iratory co en zy m e  in eu k aryotic  
cells . A s  early  as 1 9 5 8 , M orton  su ggested  that it m ay  h old  a  key  
role in the regu lation  o f  ce ll p roliferation  in  that the n u cleu s m ay  
sen se  ch an ges in in tracellu lar N A D  con cen tra tion s. T h e d is­
c o v ery  in 1 9 6 6 - 1 9 6 7  b y  three grou p s (C h am b on  et al., 1966; 
N ish izu k a  et al., 1 9 6 7 ; H a se g a w a  et al, 1967) that a nuclear  
e n zy m e, p o ly (A D P -r ib o se )  sy n th etase , utilized N A D  as su b s­
trate for th e  m odifica tion  o f  n u clear  proteins, su ggested  that  
su ch  an en zy m e m a y  p rovid e th e  m ech an ism  b y  w h ich  N A D  
con cen tra tio n s are sen sed . T h at th is en zy m e  p lays an  im portant  
p h y sio lo g ica l role  is su g g ested  by th e  surprisingly h igh  turnover 
o f  N A D  in the  cell. In  D 9 8 /A H 2  ce lls , R ech stein er et al. (1 9 7 6 )  
h ave sh ow n  th at th e  half-life o f  N A D  is 1 h. T h ey  had pre­
v io u sly  sh ow n  that, in  ce lls en u clea ted  by cy to ch a la sin , the half- 
life  o f  N A D  w as lO h  (R ech ste in er  et al, 1974). F rom  th ese  data  
th ey  su ggested  th at p o ly (A D P -r ib o se )  sy n th etase  w a s the m ajor 
d egradative e n zy m e o f  N A D . T h e m agnitu d e o f  the turnover o f  
N A D  can  b est be exp ressed  b y  the  fa c t  th a t m ore aden ine leaves  
N A D  than  enters D N A .
S in ce  the d isco v e ry  o f  p o ly (A D P -r ib o se )  syn th etase , how ever, 
its b io lo g ica l role rem ain s unclear. T h e earliest approach  to  
determ ine its fu n ction  w a s to  iso la te  nu clei from  cells in  various 
sta tes and attem p t to  correla te the activ ity  o f  the en zy m e w ith  a 
particular cell sta te . A s  sta ted  p rev iou sly  (sectio n  \d) the  
valid ity  o f  en zy m e-a c tiv ity  m easu rem en ts from  iso la ted  nuclei 
m ust be treated  w ith  cau tion . T h e  perm eabilized -cell system  
m ight p rovide a m o re  rea listic  m od e l for the study  o f  en zym e  
activ ity  than  the  u se  o f  iso la ted  n u cle i. A n oth er  ap p roach  has 
been  to  correlate the  co n cen tra tio n s o f  A D P -r ib o sy la ted  pro­
teins in vivo w ith  a particu lar cell sta tus. T he difficu lties in 
m easuring  A D P -r ib o sy la tio n  o f  p rote in s in vivo h ave been  m en­
tioned  ab ove. In  add ition  n o  m eth o d s h ave been  d ev ised  to  look  
at ch an ges in  the protein  sp ec ies  m odified .
A n other ap p ro a ch  to  elu cid atin g  the  role  o f  the  A D P -r ib o sy ­
la tion  h as b een  th e  u se  o f  inh ib itors o f  p o ly (A D P -r ib o se ) syn ­
th etase  in vivo. T h e u se  o f  n ico tin am id e, 5-m ethyln icotinam ide, 
thym id ine and  m eth ylated  xan th in es as p h y sio lo g ica l inhibitors 
m ust be treated  w ith  reservation , s in ce  all are k n ow n  to  affect 
cellu lar p ro cesses o th er  than  A D P -r ib o sy la tio n . It is considered  
that the u se  o f  3 -am in o b en za m id e  and especia lly  3 -m eth oxy- 
b en zam ide w ill be ex trem ely  u sefu l in th is con tex t.
A  m ajor prob lem  in ascrib ing a  precise  role for A D P -r ib o sy ­
lation  h as been  the d ifficu lty  in correla tin g  the  d ata  obta in ed  by  
th e  a b ove m eth od s w ith  a  defined cell fun ction ; e .g ., during dif­
ferentiation  o f  a  particu lar cell, th e  rate o f  D N A  sy n th esis will 
alter, the patterns o f  D N A  transcrip tion  w ill ch an ge and the cell 
m a y  enter a  different stage  o f  the cell cy c le .
F o r  th ese  and other rea so n s, a ttem p ts to  e lu cid ate  the b io­
log ica l ro le  o f  A D P -r ib o sy la tio n  h a v e  p roduced  w ide-ranging  
and con trad ictory  su g g estio n s for its  fun ction . T herefore, w ith  
th ese  reservations in m ind, the variou s cellu lar fun ction s that 
h ave been  ascribed  to  p o ly (A D P -r ib o se )  are presented  below .
(б) DNA synthesis and cellular proliferation. S in ce  1970 , 
w hen  B urzio  &  K o id e  sh o w ed  th a t p reincubation  o f  iso la ted  rat 
liver nuclei w ith  N A D  cau sed  a d ecrease  in in corp oration  o f  
[^H ]dT TP in to  a cid -in so lu b le  m ateria l, m any  w orkers have  
studied the p oss ib le  in vo lvem en t o f  A D P -r ib o sy la tio n  in the 
regulation  o f  D N A  syn th esis . T h e  resu lts ob ta in ed  sh o w  that 
A D P -r ib o sy la tio n  in iso la ted  nu clei either d ecreases , h as no  
effect or in creases d T T P  in corp oration  in to  D N A  [for a su m ­
m ary, see H ilz  & S to n e  (1 9 7 6 )  and H a y a ish i &  U ed a  (1 9 7 7 )] .
S in ce that tim e, Jan ak idev i (1 9 7 8 )  h as sh ow n  that rem oval o f  
lysine-rich  h iston es or treatm ent w ith  heparin  in creases D N A
syn th esis in  iso la ted  nuclei from  pig aorta. T he d ecrease  in 
p o ly (A D P -r ib o se ) syn th esis observed  w ith lysine-rich  h isto n e  is  
explained  by co-ex traction  o f  p o ly (A D P -r ib o se ) syn th etase , and  
they  con clu d e that rem oval o f  lysine-rich  h iston es or p o ly (A D P -  
ribose) syn th eta se  ex p o se s in itiation sites for D N A  syn th esis . 
T a n ig a w a ’s group  (see  references b elow ) have sh ow n  th at pre- 
in cu b ation  o f  iso la ted  nuclei from  ch ick -em b ryo  liver w ith  N A D  
increased  d T T P  incorp oration  in to  D N A . C on versely , p rein cu ­
b ation  w ith  N A D  o f  nuclei from  hen  liver decreased  d T T P  
incorporation . E xtraction  o f  N A D -trea te d  em b ryon ic  and adu lt 
liver nuclei w ith  0 .3 5 M -N a C l w ith su bsequent recon stitu tion  
sh ow ed  that the factors responsib le  for suppression  or stim u ­
lation  o f  D N A  syn th esis w ere p resent in the 0 .3 5  M -N aC l ex tra ct  
(T an igaw a  et al, 1978a). T h ey  later sh ow ed  that the stim u ­
lation  o f  D N A  syn th esis ob served  w ith  ch ick -em b ryo  n uclei w a s  
due to  in creased  a ccessib ility  o f  the D N A  to  n u clease  (T a n i­
g aw a  et al, 1978 6 ). A dm in istration  o f  g lu cocortico id  h o rm on e  
to  ch ick  em b ryos cau sed  d ecreases in b o th  D N A  and  
p o ly (A D P -r ib o se )  syn th esis (K itam u ra  et al, 1979). T h is m a y  
be due to  lo ss  o f  en zy m e activ ity  as a result o f  in creased  nuclear  
fragility.
M iw a et al (1 9 7 7 a )  sh ow ed  th at p o ly (A D P -r ib o se )  sy n th e ­
tase  activ ity  w as 2 - 10-fo ld  higher in n uclei from  S V 40-v irus-  
transform ed cells com p ared  w ith  untransform ed cells. T h ey  a lso  
d em onstrated  that, in con trast w ith  u ntransform ed  cells (w here  
en zy m e activ ity  rem ained  con sta n t), the activ ity  in  transform ed  
cells increased  m arked ly  th rough ou t the grow th  cy c le . M uller et 
al (1 9 7 9 )  found  th at alteration  o f  D N A  sy n th esis  b y  H S  
(herpes sim plex)-v irus in fection  w a s n o t accom p a n ied  b y  a  
ch an ge in p o ly (A D P -r ib o se )  sy n th etase  activ ity  in  B H K  cells , 
su ggestin g  that A D P  rib osy lation  p la y s n o  role in the con tro l 
m ech an ism s for cellular or H S -v iru s D N A  syn th esis .
G han i &  H ollenberg (1 9 7 8 a )  d em onstrated  that ch ick  
em bryo  heart cells exhibited higher p o ly (A D P -r ib o se )  sy n th e ­
ta se  activ ity  in iso la ted  nuclei from  cells grow n in  5% (v /v )  O j 
than from  cells grow n  in 20%  0%. T h ey  later sh o w e d , by pulse- 
labelling the ce lls w ith ad en osin e , an in crea sed  am ount o f  
p o ly (A D P -r ib o se )  in vivo in cells grow n  in 20%  O^. T h ey  su g­
gested  th at in rapidly d ividing ce lls (5%  0%) the red o x  potential 
shifts (N A D +  -» N A D H ), cau sin g  a  d ecrease in  p o ly (A D P -  
ribose) sy n th esis and thus increased  D N A  sy n th esis  (G h an i &  
H ollen b erg , 19786).
S uhadoln ik  et al (1 9 7 7 )  m ade an in teresting observation  
w hen  stu d yin g  the e ffect o f  variou s N A D  a n a logu es on  dT T P  
incorporation  into iso la ted  nu clei from  foeta l-rat liver. W hen  
preincubated  w ith  0 .5  mM N A D + , o n ly  9%  inhibition  o f  dT T P  
incorporation  w as observed . H o w ev er , 2 '-d e o x y - and 3 '-d eoxy-  
N A D  b oth  cau sed  90%  inhibition. T he sign ificance o f  this 
p h en om en on  w as n o t explained .
F rom  previous d a ta  and the  resu lts sh ow n  ab ove, serious 
d ou b ts m ust b e  raised  as to  the su itability  o f  iso la ted  n uclei as 
p h y sio lo g ica l m odels for A D P -r ib o sy la tio n  and sem i-con ser­
va tive  D N A  syn th esis . Berger et al (1 9 7 8 a )  h ave suggested  that 
p erm eab ilized  ce lls are better m o d e ls  for stu d yin g  A D P -r ib o sy ­
la tion  than  iso la ted  nuclei, and h a v e  a lso  foun d  that in corpor­
ation  o f  [^H ]dT T P into acid -in so lu b le m aterial d o es represent 
sem i-con servative  D N A  rep lication  (B erger &  Joh n son , 1976). 
T he resu lts ob ta in ed  w ith this sy stem  are described  below . 
Berger et al (1 9 7 8 a )  a lso  sh ow ed  th at inhibition  o f  p o ly  (A D P -  
ribose) syn th eta se  had n o  effect on  D N A  syn th esis , and that 
inhibitors o f  D N A  syn th esis had  n o  effect on  p o ly (A D P -r ib o se)  
syn th esis in perm eabilized  L -cells. T h ey  a lso  d em onstrated  that 
w hen sim u ltan eou s syn th esis o f  b o th  p o lym ers occurred , the 
syn th esis o f  o n e did n o t affect the  other. F urtherm ore, it w as 
found  tha t the rate o f  syn th esis o f  p o ly (A D P -r ib o se )  w a s greater 
in sta tionary-p h ase  cells than  in exp on en tia l-p h ase  cells, w hereas 
D N A  sy n th esis w a s higher in th e  exp on en tia l phase. H ow ever, 
the to ta l p o ly (A D P -r ib o se )  sy n th eta se  activ ity  did n o t vary 
during the grow th  cy c le  w hen the en zy m e w a s m easured  in the 
p resen ce o f  d eoxyrib on u clease  I and T riton  X -1 0 0 . Similarly
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th ey  w ere ab le to  sh o w  th a t decreased  D N A  sy n th esis  in cells  
subjected  to  acu te  g lu co se  d eficien cy , v a cc in ia  virus in fection  
and c y to s in e  arab inoside treatm ent, resu lted  in  in creased  
p o ly (A D P -r ib o se )  syn th etase  activ ity  in perm eabSized  cells  
(B erger et al, 19 7 8 a ,6 ).
W h en  n orm al and chrtm ic ly m p h o cy tic  leu k aem ia  (C L L )  
ly m p h o cy tes  w ere exam in ed  w ith  resp ect to  p h ytoh aem agg lu - 
tinin  stim ulation  (Berger et ai, \91%d), d ifferences w ere  
ob served . In  b oth  norm al and C L L  ly m p h o cy tes  p h ytoh aem ag-  
glutinin  stim ula tion  ca u sed  in creased  A D P -r ib o sy la tio n . T he  
n orm al ce lls sh o w ed  the exp ected  resp on se  o f  D N A  sy n th esis  to  
p h ytoh aem agg lu tin in  stim ulation , but the resp on se  o f  D N A  sy n ­
th esis in th e  C L L  cells w a s decreased  and m uch  delayed . T he  
au th ors su g g ested  that th is m ay  be due to  either d am aged  or d is­
ordered  D N A  (sectio n  Id) or the p resen ce o f  im m ature differ­
entiating ly m p h o cy tes .
F in a lly , H ilz ’s group (R . B redehorst, M . G o eb el, F . R en z i, 
M . K ittler, K . K lapproth  & H . H ilz , unpublished  w ork) have  
exam in ed  th e  activ ity  o f  p o ly  (A D  P -ribose) sy n th etase  in perm e­
ab ilized  ce lls  and the con cen tra tion s in vivo o f  m o n o (A D P -  
rib osy l)a ted  proteins through ou t the grow th  cy c le  o f  E hrlich  
asc ites-tu m ou r cells . T h ey  sh ow ed  th at transition  from  ex p o n ­
entia l to  sta tionary  p h ase  w as a sso c ia ted  w ith  an in crease in  
b oth  in tr insic p o ly  (A D P -r ib o se)  sy n th etase  activ ity  and  
h yd roxy lam in e-resistan t m o n o (A D P -r ib o sy l)a ted  proteins. T he  
to ta l p o ly (A D P -r ib o se )  sy n th etase  activ ity  and hyd roxylam in e-  
sen sitive  m o n o (A D P -r ib o sy l)a ted  proteins rem ained  u nchanged .
A ttem p ts h a v e  been m ade to p rovide a  m ore realistic m odel 
for the role o f  A D P -r ib o sy la tio n  in D N A  syn th esis b y  in cu ­
b ating tissu e  slice s w ith  N A D +  (C la y co m b , 1976 a ). H o w ever, 
resu lts from  su ch  experim ents are im p ossib le  to  interpret, sin ce  
N A D +  d o es  n o t cro ss the cell m em brane. It is  no tew orth y  that  
N A D +  stim ulates D N A  syn th esis in hum an  bone-m arrow  cells. 
T h e authors su ggested  that th is m ay be due to  an ex o g en eo u s  
en zy m e  sy stem  (S ch acter  & Burke, 1978).
(c) DNA transcription. T he ob servation  th at d ifferentiated rat 
liver ce lls en g a g ed  in R N A  syn th esis p o ssessed  a higher activ ity  
o f  p o ly (A D P -r ib o se )  sy n th etase  than  ce lls en gaged  prim arily in  
D N A  sy n th esis  (H a in es et al., 1 969) w as the first ob servation  
su ggestin g  a p ossib le  role for A D P -r ib o sy la tio n  in D N A  tran s­
cription. S in ce  then, several reports have em erged  that agree or  
con flict w ith  su ch  a role for A D P -r ib o sy la tio n . O ne ap p roach  
that h as b een  m ade to  clarify this situation  h as been  to  correlate  
p o ly (A D P -r ib o se )  syn th eta se  activ ity  w ith  the R N A -sy n th e -  
siz ing ca p a c ity  in variou s system s. T h u s it w a s sh ow n  that there  
w as n o  ch a n g e  in p o ly  (A D P -r ib o se ) syn th eta se  activ ity  in livers 
from  sh am -operated , adren alectom ized  and cortiso l-treated  rats 
(H ilz  &  K ittler, 1971), su ggestin g  n o  role in D N A  transcrip ­
tion. A lso  the ob servation  that the sp ecific  activ ity  o f  
p o ly (A D P -r ib o se )  syn th eta se  in n uclei and n u cleo li iso la ted  
from  Tetrahymena is the sam e, desp ite the h igh  r ib osom al tran s­
crip tional activ ity  in the nucleoli, su ggests n o  direct in v o lv e­
m ent o f  A D P -r ib o sy la tio n  in transcription . Furtherm ore, in the  
presence o f  active  R N A  syn th esis , the p o ly (A D P -r ib o se ) sy n ­
thetase a ctiv ity  in b oth  n uclei and nu cleo li w a s the sam e as in  
the a b sen ce  o f  R N A  syn th esis (T so p a n a k is et al, 19786). T h e  
in vo lvem en t o f  A D P -r ib o sy la tio n  in transcrip tion  h as b een  
im plicated  from  the resu lts o f  M uller et al (1 9 7 4 ). T h ese  
w orkers m ad e the ob servation  that, during gen e exp ression  in 
vivo in itiated  by oestro g en  treatm ent o f  im m ature quails, an  
increase in R N A  p o lym erases I and II activ ities is accom p an ied  
by a d ecrease  in p o ly (A D P -r ib o se )  sy n th eta se  activ ity  in the o v i­
duct. A  p o sitiv e  a sso c ia tio n  o f  p o ly (A D P -r ib o se )  sy n th etase  
activ ity  w ith  transcrip tion  h as been  su ggested  from  the stud ies 
o f  S m u lson  and co-w ork ers, w h o  have fraction ated  son ica ted  
H eL a-cell ch rom atin  b y  using E C T H A M -ce llu lo se  ch ro m a to ­
graphy and g lycero l-grad ien t centrifugation  in an attem pt to  
separate tran scrip tion ally  active and in activ e  chrom atin  (M u l­
lins et al, 1977). T h ese  authors con clu d ed  th a t the p o ly (A D P -  
ribose) sy n th e ta se  activ ity  is prim arily a sso c ia ted  w ith extended
transcrip tionally  active  ch rom atin ; th e  tran scrip tion ally  inactive , 
co n d en sed , chrom atin  fraction s con ta ined  relatively  lo w  
p o ly  (A D  P -ribose) sy n th eta se  activ ity . T h is  co n c lu sio n  has been  
question ed  b y  Y u k iok a  et al (1 9 7 8 ), w h o  h a v e  po in ted  out that  
the ch rom atin -fraction ation  tech n iq u e u sin g  m ech an ica l sh ear­
ing, as u sed  b y  M ullins et al (1 9 7 7 ), is n o t adequate for the  
separation  o f  transcrip tionally  active  and in a ctiv e  chrom atin  
fraction s and a lso  that so n ica tio n  ca u se s drastic  ch an ges in  
chrom atin  structure [see Y u k iok a  et al (1 9 7 8 )  for chrom atin- 
preparation references]. R a t liver chrom atin  h a s been fra c ­
t ion ated  b y  using se lective  shearing w ith  d eoxyrib on u clease  II 
fo llow ed  b y  preferential p recip itation , w h ich  h as b een  show n to  
fraction ate chrom atin  in to  tran scrip tion ally  a ctive  and in active  
fractions (G ottesfe ld  et al, 1 974 , 1975), and it  w a s sh ow n  that 
p o ly (A D P -r ib o se )  sy n th etase  activ ity  is  n o t preferentially  
loca lized  in tran scrip tionally  active  chrom atin  reg ion s (Y ukioka  
etal, 1978).
A  seco n d  ap p roach  h as been  to  look  at the e ffect o f  p o ly -  
(A D P -r ib o sy l)a tio n  in iso la ted  n uclei on  su b seq u en t R N A  tran s­
cription. T hus form ation  o f  p o ly  (A D  P -ribose) in  iso la ted  rat 
liver nu clei did n o t affect the su bsequent R N A  syn th esis  b y  the  
nuclei (B urzio  & K oid e, 1971). M uller et al (1 9 7 4 )  have sh ow n  
that, after preincubation  o f  quail o v id u ct nuclei w ith  N A D + , the  
activ ity  o f  en d ogen ou s R N A  p o ly m era se  I decreased , w hereas  
the activ ity  o f  R N A  p o lym erase  II as w ell a s  ex o g en o u s  
bacterial R N A  p o lym erase  rem ained  unaffected  b y  the A D P -  
r ib osy lation  reaction . T he d a ta  w a s su ggestive  o f  a  direct A D P -  
r ib osy lation  o f  the R N A  p o lym erase  I. Furtherm ore, the  
am oun t o f  p o ly (A D P -r ib o se ) a sso c ia ted  w ith  R N A  po lym erase  
I iso la ted  from  nuclei o f  o v id u cts undergoing in creased  tran s­
cription w as seen  to  be low er than  that a sso c ia ted  w ith  the R N A  
p o lym erase  I from  nuclei o f  ov id u cts w ith  m oderate transcrip­
tion  (M uller & Z ah n , 19766). M ore recently  it  h as been  d em o n s­
trated that preincubation  o f  B H K  cell nuclei w ith  N A D +  
resulted in an inhibition o f  R N A  p o lym erase  I, and it w as su g ­
gested  that the inhibition w a s due to  A D P -r ib o sy la tio n  o f  the  
R N A -p o ly m er a se  itself, as ev id en ced  b y  an inhibition  o f  R N A  
po lym erase  activ ity  w hen extracted  and a ssa y ed  from  nuclei 
p rev iou sly  incubated  with N A D +  (F u rn eau x  & P earson , 1978).
It has been sh ow n  that protein  A 2 4 , w h ich  is co m p o sed  o f  
histone H 2 A  and ubiquitin, a n on  h iston e protein  linked by an  
isopeptide bond (G o ld k n o p f & B u sch , 1977) is A D P -r ib o sy l­
ated in iso la ted  rat liver nuclei (O k a y a m a  & H a y a ish i, 1978). In  
view  o f  the p ossib le  role o f  protein  A 2 4  as a  rep ressor o f  r ib o­
som al gene activ ity  (B allai &  B u sch , 1 973; B allai et al, 1 9 7 4 ,
1975), it has been  su ggested  that A D P -r ib o sy la tio n  o f  this p ro­
tein  m ay be involved  in the regu lation  o f  its repressor activ ity  
(O k ayam a & H aya ish i, 1978).
(d) DNA repair. S tud ies o n  a p ossib le  in vo lvem en t o f  A D P -  
ribosy lation  in D N A  repair h av e  been b ased  o n  tw o  o b ser­
vations. F irst, it has long  b een  k n o w n  ffiat a lkylating agents and  
other treatm ents know n to  d a m a g e  D N A  result in dep letion  o f  
intracellular N A D +  (R oitt, 19 5 6 ) and , se co n d ly , th a t dam aged  
D N A  stim ulates the activ ity  o f  p o ly (A D P -r ib o se )  syn th etase  
(see section  \d).
It w a s sh ow n  by S m u lson  et al. (1 9 7 5 )  and W h ish  et al.
(1 9 7 5 )  that iso la ted  nuclei, from  H eL a  cells and the slim e-m ould  
Physarum polycephalum resp ective ly , p o sse sse d  higher  
p o ly ( A D P -r ib o se) syn th eta se  activ ity  after pretreatm ent w ith  
strep tozotocin , the 2 -d eo x y -D -g lu co se  d erivative o f  the  a lk y ­
lating agent, A -m eth y l-A -n itrosou rea . J a co b so n  (1 9 7 8 )  e x a ­
m ined the effect, on  N A D +  co n cen tra tion s, o f  A -n itro so  c o m ­
pounds that w ere d irect-acting, ind irect-acting or n on -ca rc in o ­
gens in b oth  3T 3 cells and m itogen -stim u lated  h u m an  ly m p h o ­
cy tes. T h ey  observed  large d ecrea ses in N A D \  and in both  cell 
types treated w ith  d irect-acting ca rc in o g en s, a large d ecrease  in  
ly m p h o cy tes , but not in 3T 3  cells treated  w ith ind irect-acting  
carcin ogen s, w hereas n on -ca rc in o g en s had  n o  effect on  N A D +  
con cen tration s in either cell type.
Sudhakar et al. (1 9 7 9 a )  sh ow ed  that the  A -m eth yl-A -n itro-
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sou rea-in d u ced  in crease  in p o ly (A D P -r ib o se )  syn th eta se  at the  
n u c leo so m e  level w as a  result o f  increased  availab ility  o f  p ro ­
tein  accep tors. In a sub seq u en t paper (Sukhakar et al, 19796), 
they  com p ared  a lk y lation  o f  chrom atin  b y  A -m eth yl-A -n itro- 
sou rea  and l- (2 -ch lo ro e th y l)-3 -cy c lo h ex y l-l-n itro so u re a . In 
co n tra st w ith  A -m eth y l-A -n itrosou rea , treatm ent o f  H eL a  cells  
w ith  l-(2 -ch lo ro e th y l)-3 -cy c lo h ex y l- l-n itro so u re a  resu lted  in a 
slight decrease  in p o ly  (A D  P-ribose) sy n th etase  activ ity  in iso ­
la ted  nuclei. T h ey  w ere able to  sh ow , b y  n u clease  d igestion , that  
the differential e ffec ts  o f  the tw o  co m p o u n d s on  p o ly (A D P -  
rib ose) sy n th etase  m ay  be exp lained  b y  the sites o f  a lkylation  o f  
the  tw o  com p o u n d s. A -m eth y l-A -n itrosou rea  preferentially  a lk y­
la tes th e  in tern ucleosom al regions o f  D N A , w h ich  have been  
su ggested  as the  sites o f  the en zy m e binding (M ullins et al,
1978), w hereas l-(2 -ch lo ro eth y l)-3 -cy c lo h ex y l-1 -n itro so u rea  
a lk ylates the core  particles.
O ther treatm ents know n  to  d am age D N A  have a lso  been  
sh o w n  to  stim ulate p o ly (A D P -r ib o se ) sy n th etase  activ ity  in iso ­
la ted  nuclei. D a v ies  et al (1 9 7 6 , 1 977) have dem onstrated  
in creased  en zy m e activ ity  in cells treated  w ith  y-irradiation and  
w ith  the  p o lyp ep tid e  antitum our antib iotic n eocarzin ostatin .
B erger et al (1 9 7 9 )  have dem onstrated  increased  p o ly (A D P -  
rib ose) syn th esis in perm eabilized  cells pretreated w ith u.v. irra­
d iation . T h ey  w ere further able to  sh ow  that the D N A  syn th esis  
ob served  after irradiation con sisted  o f  repair syn th esis and n o t  
sem i-con servative  rep lication.
A n  interesting ob servation  is that com p o u n d s su ch  as th e o ­
phylline and caffe in e, kn ow n  inhibitors o f  D N A  repair (C leaver  
& T h o m a s, 1969; L ehm ann & K irk-B ell, 1972), are a lso  inhibi­
tors o f  p o ly (A D P -r ib o se )  syn th etase in iso la ted  nu clei (L evi et 
al, 197 8 ). It w as therefore o f  in terest to  exam in e the effect o f  
other inhibitors o f  p o ly  (A D P -r ib o se )  sy n th etase  on  the ability o f  
cells to  repair D N A  d am a g e  in vivo and their sub seq u en t sur­
v ival. T h e earliest stu d y  w as perform ed by S m u lson  et al
(1 9 7 7 ). A t  2 d a y s after in jection  o f  m ice w ith  L S 1 2 1 0  tum our  
cells, A -m eth y l-A -n itrosou rea  w as in jected  in the presence and  
ab sen ce  o f  n icotinam ide. M ice  in jected  w ith  A -m eth yl-A -n itro- 
sou rea  sh ow ed  increased  survival over con tro ls, and co-ad m in is- 
tration  o f  n icotin am id e slightly in creased  survival over  anim als 
treated  w ith  A -m eth y l-A -n itrosou rea  a lone. Shall et al (1 9 7 7 )  
sh o w ed  that co-ad m in istration  o f  d o ses  o f  5 -m eth y ln ico tin ­
am ide or theophylline, sufficient to  prevent strep tozotiocin -  
in d uced  d ecreases in N A D +  in L -cells, increased  the c y to to x i­
city  o f  strep tozotocin , a lthough they  w ere n ot cy to to x ic  in them ­
se lves.
F in a lly , it h as been  sh ow n  that 3T 3 cells depleted  o f  N A D +  
by culture in n icotinam ide-free m ed ium  w ere unable to  undergo  
carcin ogen -in du ced  unsch ed u led  D N A  syn th esis (Jaco b so n  &  
N arasim h an , 1979). A ll these  resu lts su ggest that A D P -r ib o sy ­
la tion  o f  nuclear proteins p la y s so m e, as yet u n k now n, role in 
th e  repair o f  D N A .
(e) Cell cycle. M an y  w orkers h ave in vestigated  the p ossib le  
in vo lvem en t o f  A D P -r ib o sy la tio n  o f  nuclear proteins in the  
tim ing o f  events during the cell cy c le . B efore 1976 , all studies  
w ere perform ed b y  iso la tin g  nuclei from  syn ch ron ized  cells and  
determ ining the en zy m e activ ity . A lth o u g h  n o  co n sisten t picture  
em erged , m o st resu lts su ggested  that p o ly (A D P -r ib o se )  sy n th e­
ta se  activ ity  w a s lo w est in S -phase and h igh est in either G% or 
G j-p h a se  (H ilz  &  S ton e, 1976). T an u m a et al (1 9 7 8 )  used  
in tact and disrupted n uclei and a crude p o ly (A D P -r ib o se ) sy n ­
th e ta se  preparation  to  m easure the activ ity  o f  the en zy m e during  
the cell c y c le  o f  H eL a  S3 cells. T h ey  sh o w ed  that the activ ity  o f  
the en zy m e in iso la ted  nuclei w as higher in the G j-p h ase , 
w h ereas in disrupted n uclei the activ ity  increased  during G j-  
p h a se , rem ained  elevated  during G  2 -ph ase  and d ecreased  after 
m itosis. B y  using crude en zy m e they  found  a pattern  sim ilar to  
that ob ta in ed  w ith  disrupted nuclei. B y  u sin g  co lcem id , a m itotic  
inhibitor, they  found  that m itotic  cells had  five tim es the activ ity  
o f  a syn ch ro n o u s ce lls as m easured  b y  the  iso la ted -nu cle i system . 
F rom  this and p rev iou s d ata  it is  clear th at iso la ted  nu clei are
unsuitable for elucidating the role o f  A D P -r ib o sy la tio n  during  
the cell cy c le .
Berger et al (1 9 7 8 6 )  sh o w ed  that, after treatm ent o f  L S I 2 1 0  
cells w ith cy to sin e  arab inoside (w h ich  ca u se s accu m u la tion  o f  
cells in G z p h ase), the activ ity  o f  p o ly (A D P -r ib o se )  sy n th e ta se  
in creased  w hen m easured  in p erm eabilized  cells. B y  u sin g  
C hin ese-h am ster ovary  ce lls syn ch ron ized  by m itotic  se lec tio n  
th ey  sh ow ed  that the activ ity  o f  the en zy m e increased  during G ,-  
p h ase , decreased  rapidly as the cells traversed S -p h ase an d  
in creased  during G%, M - and G ,-p h a ses  (Berger et al, 1 9 7 8 c). 
B y m easuring the activ ity  in perm eabilized  cells after d e o x y ­
r ib on u clease treatm ent, w h ich  w a s su ggested  to  ind icate to ta l  
en zy m e activ ity , they sh ow ed  the activ ity  w as co n sta n t d uring  
the cell c y c le  excep t for a sm all peak  during late S -p h ase, w h ich  
su b seq u en tly  d ecreases during the G%- and M -p hases. T h ey  su g ­
gested  that the en zym e w as syn th esized  during S -p h ase and th en  
returned to  norm al am oun ts after m itosis. T h is ob servation  m a y  
a cco u n t for the m axim a ob served  during S -p h ase  ob served  b y  
other w orkers using iso la ted  n uclei (R ob erts et al, 1973; C o ly er  
etal, 1973).
K idw ell & M age (1 9 7 6 )  used  a rad io im m u n oassay  to  d e tec t  
ch an ges in p o ly (A D P -r ib o se )  con cen tra tion s in H eL a  ce lls  
during the cell cy c le . T h ey  observed  a 6 -fo ld  in crease  in  
p o ly (A D P -r ib o se )  as the cells traversed  from  early  S- to  la te  S-  
p h ase, fo llow ed  b y  a rapid decrease. T h is w as fo llo w ed  b y  a  
10-fold  in crease during G  2 -phase; th is in crease w a s corre la ted  
w ith increased  p oly  (A D P -r ib o se )  syn th etase  activ ity  a s  
m easured  in iso la ted  nuclei. A s  the authors sta te , m ore in fo r­
m ation  is required on  the specific ity  o f  the an tib od y  used.
H ilz ’s group (W ielck en s et al, 1979) u sed  an an tib od y  to  5 '-  
A M P  to  m easu re h yd roxylam in e-sensitive and -resistant m o n o -  
(A D P -r ib o se )-p ro te in  con jugates during the cell c y c le  o f  the  
naturally  syn ch ro n o u s slim e m ould  Physarum polycephalum. 
T h ey  ob served  that tota l m o n o (A D P -r ib o se )  d ecreased  from  
m itosis through S -p h ase (G ,-p h a se  is absent) and in creased  
through G 2 - to  M -phase. W hen  the sy stem  w a s  an a ly sed  for  
hyd roxylam in e-lab ility  they  foun d  d ifferent patterns for  
h yd roxylam in e-sensitive  and -resistant m o n o (A D P -r ib o se )-p r o -  
teins. A m o u n ts o f  h yd roxy lam in e-sensitive  residues decreased  
sharp ly  after m itosis, rem ained  lo w  during S -p h ase  and  
in creased  at the S -p h a se /G 2 -ph ase b ou n dary  and then rem ained  
at that va lu e  until m id -G 2 -phase; th ey  then d ecreased  during late  
G  2 -ph ase and rapidly in creased  before m ito s is . A m o u n ts o f  
hydroxylam in e-resistan t residues decreased  after m itosis but 
in creased  linearly during S -p h ase; from  the S -p h a se /G 2 -phase  
b oundary they  rem ained con stan t until m id -G 2 -p h a se  and then  
in creased  to  pre m itotic values. T h ese  d ata  su g g est A D P -r ib o ­
sy lation  m ay  fulfil m ore than  on e role during the ce ll cycle .
C ap ian  et al. (1 9 7 8 )  u sed  partially  h ep atecto m ized  rat liver  
to  investigate ch an ges in p o ly (A D P -r ib o sy l)a tio n  in iso la ted  
nuclei after transition  from  G*- to  S -p h ase. T h ey  cou ld  detect a  
slight in crease in A D P -r ib o sy la tio n  but cou ld  d etect n o  ch an ge  
in the proteins released  after d igestion s w ith  n u clease . S ince sy n ­
ch ron y  is on ly  30% , the m eth od s m ay n ot be su ffic ien tly  se n s i­
tive to  d etect ch an ges.
( / )  Cellular differentiation and development. C apian &  
R osen b erg  (1 9 7 5 )  look ed  at the d ifferentiation  o f  m esod erm al 
cells o f  em b ryon ic-ch ick  lim b bu d s in to  either m uscle or carti­
lage, and their results w ere the first to  su g g est a p ossib le  in v o lv e­
m ent o f  A D P -r ib o sy la tio n  in d ifferentiation . P rev iou s w ork  from  
C ap lan ’s lab oratory  had sh ow n  a correla tion  b etw een  pyridine  
n ucleotid e con cen tration s and cellu lar d ifferentiation , and they  
su ggested  that fluctuations in cellu lar N A D +  con cen tration s  
m ight p lay  a  role in the control o f  m u sc le  as aga in st cartilage  
d evelop m en t [see C apian  & R o sen b erg  (1 9 7 5 )  for references]. 
T he authors sh ow ed  that 3 -acety lp yrid in e potentiated  cartilage  
differentiation  that w as asso c ia ted  w ith  a stim ulation  o f  the rate 
o f  p o ly (A D P -r ib o se) syn th esis . A d m in istration  o f  3 -acety lp yri­
dine had p rev iou sly  been  sh ow n  to  d ecrease  N A D  co n cen tra ­
tions, and the su ggested  m ech an ism  w a s that such  a ch an ge in
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N A D +  con cen tra tion  is ‘sensed ’ and tran sp osed  in to  differ­
en tia l rates o f  A D P -r ib o sy la tio n  that are correlated  w ith d iffer­
en tia tion  in to  either m u scle  or cartilage (C  apian & R osen b erg ,
1 975). T h is p ro p o sed  role o f  3-acety lp yrid in e in repressing m yo-  
g en es is  and en h an cin g  ch on d rogen esis , h ow ever, h as been  q u es­
t io n ed  by M cL a ch la n  et al. (1 9 7 6 ), w h o  m ade an h isto log ica l 
a n a ly sis  o f  d evelop in g  lim b buds at variou s stages. T h ey  sh ow ed  
th a t the effec t o f  3-acety lp yrid in e w as m ediated  v ia  a destru c­
tio n  o f  the peripheral nerves, resulting in a to ta l lo ss  at 24  h, as 
w ell as a deleterious effect on  all cell ty p es, including cartilage, 
ten d o n , m esen ch y m a  and m uscle . S u ch  resu lts su ggest that 3- 
a cety lp yrid in e  a ffects m uscle  grow th  rather than  m u scle  
differentia tion , as d oes the ob servation  that 3-acety lp yrid in e still 
h a s  an e ffect o n  m u scle  tissu e  at stages w h en  cartilage and  
m u sc le  ce lls are p h ysica lly  separated  (M cL a ch la n  et al.,
1 976).
S in ce  th e  first ob servation  o f  C ap ian  & R osen b erg  (1 9 7 5 ), 
severa l reports have appeared  that m ay  su ggest an in vo lvem ent  
o f  p o ly (A D P -r ib o se )  in d ifferentiation. F o r  exam p le , during the  
early  sta g es o f  o o c y te  m aturation  in the to a d  Xenopus, w h ich  is 
m ed ia ted  b y  p rogesterone , the o o c y te  n u cleu s breaks d ow n  and  
th is  is  fo llo w ed  b y  a dram atic con d en sa tion  o f  the ch ro m o ­
so m es . It h as been  sh ow n  that, during su ch  o o c y te  m aturation , 
p o ly (A D P -r ib o se )  sy n th etase  activ ity  in iso la ted  nuclei in creases  
3 -fo ld , th is d ram atic increase occurring before breakdow n o f  the  
o o c y te  n u cleu s (B urzio  & K oid e, 1977). Su ch  resu lts su ggest a 
p o ss ib le  role  for A D P -r ib o sy la tio n  in the early  d ifferentiation  o f  
Xenopus, and the ob servation  (F arzan eh  &  P earson , 19 7 7 ) that 
th e  activ ity  o f  p o ly (A D P -r ib o se ) sy n th etase  in creases m arked ly  
during its em b ryon ic developm ent is co n sisten t w ith this 
p ossib ility .
Y o u n g  &  Sw een ey  (1 9 7 8 )  have studied the incorp oration  o f  
[^ H lad en osin e in to  R N A  and A D P -r ib o sy la ted  protein  in m o u se  
o v a  and h a v e  sh ow n  that the total incorp oration  is m axim al at 
3 - 5  h after ovu la tion , w h ich  is the tim e o f  norm al fertilization . 
T h e  in corp oration  o f  [^H ladenosine is low  at 7 - 8  h, at w h ich  
tim e the ability  o f  the ovu m  to  be fertilized is decreased; this su g ­
g ests  a p o ss ib le  role b etw een  ad en osin e m etab o lism , m ed iated  in  
part through  p o ly (A D P -r ib o sy l)a tio n , and p o st-ovu la tion  m atu ­
ration  o f  o v a  an d /o r  their fertilizability. T he ab o v e  authors have  
a lso  sh o w n  th at m o u se  on e-cell em b ryos in corp orate  ad en osin e  
in to  A D P -r ib o sy la ted  m aterial and they  foun d  that the average  
ch a in  length  o f  the p o lym er w a s 2 (a  dim er) (Y ou n g  &  S w een ey , 
1 9 7 9 ) com p ared  w ith the pentam er and m on om er seen  in the  
o v u m  (Y o u n g  &  S w een ey , 1978). In  v iew  o f  the apparent 
difference in lab ility  o f  the bond linking the d im er to  its a c c e p ­
tor in the em b ryo  com p ared  w ith the pentam er and m onom er in  
the o v u m , it w a s prop osed  that the dim er w a s syn th esized  after 
fertilization  (Y ou n g  & S w een ey , 1979). S u ch  differential A D P -  
r ib osy la tion  in the ovu m  and em b ryo  m ay ind icate that a d iffer­
entia tion-related  p rogram m e o f  p o ly  (A D P -r ib o se ) syn th esis  
m ay be tak in g  p lace  in this system .
It h as b een  sh ow n  b y  Y am ad a  et al. (1 9 7 8 )  that m o u se  
m yelo id  leu k aem ic  cells can  be induced  to  differentiate in to  cells  
w ith  p h a g o cy tic  activ ity , F c  receptors and ly so z y m e  activ ity , by  
the add ition  o f  p o ly (A D P -r ib o se ) to  the culture m edium  and  
that a certain  proportion  o f  these  cells d ifferentiate further in to  
gran u lo cy tes and m acrop h ages. A d d ition  o f  dextran  su lphate or 
p o ly  (v in y l su lphate) w as a lso  effective in the in d uction  o f  p h a g o ­
cy tic  cells and so  the p h y sio lo g ica l sign ifican ce o f  the ob served  
stim ulation  o f  d ifferentiation  b y  p o ly (A D P -r ib o se )  m ust rem ain  
q u estion ab le , although  the rad ioactiv ity  derived  from  polym er  
d o es enter the cells and b eco m es loca ted  in the n u cleu s and  
nuclear m em brane as seen  b y  rad ioau tograph y.
T w o  reports have appeared  that have in vestiga ted  the p oss ib le  
role o f  p o ly  (A  D  P -rib osy l)a tion  in the d ifferentiation  o f  erytho- 
leu k aem ic m o u se  sp leen  ce lls (Friend  cells) grow n in culture. 
R a stl & S w etly  (1 9 7 8 ), u sing cell line F 4 N , w h ich  is reported to  
be very  sensitive  to  b u tyrate-induced  d ifferentiation  and rela­
tively  in sen sitive  to  h exam eth y len eb isacetam id e (M oriok a  et al..
1 979), sh o w ed  that u sin g  su ch  com p o u n d s to  induce d ifferentia­
tion  resu lted  in a 2 -4 - fo ld  in crease in p o ly (A D P -r ib o se ) sy n th e­
ta se  activ ity  as w ell as a co n co m ita n t transition  o f  ce lls to  the  
G ,-p h a se  o f  the cell cy c le . M oriok a  et al. (1 9 7 9 ), using cell line  
7 4 5 , sh ow ed  th a t p o ly (A D P -r ib o se ) syn th esis su p p ression  is  
detectaibie in  the early  ̂ exponential-phase grow th  stage  ( 1 4 - 2 4 h )  
after treatm ent w ith  h exam eth ylen eb isacetam id e or d im eth yl 
su lphoxide. W ith  b u tyrate, a transient in crease in A D P -r ib o sy ­
la tion  in the early sta g es o f  cell grow th  w a s seen , but by 4 8 - 7 2  h  
A D P -r ib o sy la tio n  w a s at the sam e lo w  rate as for h exa m eth y l­
en eb isacetam id e and d im ethyl su lphoxide. N ico tin am id e, to o , 
induced  d ifferentiation  and a lso  en h an ced  d im ethyl su lphoxide- 
and h exam eth y len eb isacetam id e-in d u ced  d ifferentiation but ten ­
ded  to  inhibit b utyrate-induced  d ifferentiation. F riend-cell 
variants u n resp on sive  to  h exam eth ylen eb isacetam id e and  
d im ethyl su lp h oxid e did n ot exhib it as lo w  an activ ity  o f  p o ly -  
(A D P -r ib o se )  sy n th eta se  as w as found  w ith  norm al resp on sive  
cells treated w ith  inducers. T h e effect o f  the inducers w a s n ot  
m ediated  b y  a ch a n g e  in cell grow th  rate or b y  an effect on  p o ly ­
m er d egrad ation , an d  the resu lts su ggest that the am oun t o f  
A D P -r ib o sy la tio n  is correlated  w ith the d ifferentiation o f  the  
F riend  cell (M o rio k a  et ai, 1979). T he reason  for this d iscre­
p a n cy  betw een  the ob serv a tio n s o f  M oriok a  et al. (1 9 7 9 )  and  
R astl & Sw etly  (1 9 7 8 )  rem ains to  be so lved , but it co u ld  be  
related  to  d ifferen ces in the strain o f  cells used  a n d /o r  d iffer­
en ces in the culture m eth od s. F or exam p le, M oriok a  et al.
(1 9 7 9 )  cultured  their cells in the p resen ce  o f  inducers w ithou t  
m edium  ch an ge, w h ereas R a stl & S w etly  (1 9 7 8 )  added  fresh  
m edium  to  their cu ltures daily . Indeed  R a stl & Sw etly  (1 9 7 8 )  
did sh ow  that the am oun t o f  p o ly (A D P -r ib o se )  syn th esis  
depended  on  the cu lture con d ition s.
T he activ ity  o f  p o ly (A D P -r ib o se ) syn th etase  in iso la ted  n u cle i 
and th e  intracellular N A D +  con cen tra tion  h ave been  m easured  
in  differentiating rat card iac m uscle . N A D +  co n cen tra tion s  
in crease  during p ost-nata l develop m en t as d oes p o ly (A D P -  
rib ose) sy n th etase  activ ity  (C la y co m b , 19766). It w as su ggested  
that the initial in crease  in these  tw o  p aram eters m ay  be sp ecifi­
ca lly  related to  the 3 0 —40-fo ld  decrease  in D N A  sy n th esis  
ob served  during this initial period  and  that the further in crease  
after the secon d  w eek  m ay  be con cern ed  w ith term inal cell d if­
ferentiation.
(g) Other possible functions of ADP-ribosylation. In addition  
to  the above-sta ted  p ostu la ted  roles, three other p ossib le  fu n c­
tio n s h ave been  su ggested :
(i) T h e ob servation  that n icotin am id e, 5 -m eth yln icotin am ide , 
thym id ine and 3 -isob u ty l-1 -m eth y lxanth in e induce ornithine  
d ecarb o x y la se  (E C  4 .1 .1 .1 7 )  activ ity  prom pted  M in aga  et al.
(1 9 7 8 )  to  su ggest th a t A D P -r ib o sy la tio n  m ay  be invo lved  in the  
regu lation  o f  this en zy m e. T h is is an intriguing o b servation , 
sin ce  the p roduct o f  ornithine d ecarb oxy lase , sperm ine, h as been  
sh ow n  to  stim ulate p o ly (A D P -r ib o se ) sy n th etase  in iso la ted  
nuclei (see  section  Id). R ecen tly , H ilz  & cow ork ers (unpublished  
w ork  h ave sh ow n  an  inverse correlation  betw een  orn ithine  
d ecarb o x y la se  and p o ly (A D P -r ib o se )  sy n th etase  activ ities as  
m easu red  b y  the perm eab ilized -cell sy stem  during the grow th  
c y c le  o f  E hrlich asc ites  tum our cells.
(ii) Suzuk i & M u rach i (1 9 7 8 )  h ave sh ow n  that a n u cleic  a c id ­
like inhibitor co -ex tracts w ith a chrom atin -bound  neutral p ro ­
te in ase  from  rat p eritoneal m acrop h ages. T h ey  found  that inh ib i­
tion  o f  proteinase activ ity  cou ld  be rem oved  b y  preincubating  
the de protein ized  inhibitor fraction  w ith  a crude p o ly (A D P -  
ribose) g ly co h y d ro la se  preparation  from  rat liver before add i­
tion to  the a ssa y  m ixture. D eo x y r ib o n u clea se  1, P I  n u clease  and  
sn ak e-ven om  p h osp h od iesterase  h as n o  effect. T hus th ey  su g ­
gested  that the inhibitor w as sim ilar to , but n o t identical w ith , 
p o ly (A D P -r ib o se ) . It w as a lso  sh ow n  that p o ly (A D P -r ib o se )  
w ith  an average chain  length  o f  3 0  residues w a s inhibitory.
(iii) M atin yan  & U m a n sk ii (1 9 7 8 )  have sh ow n  that the ‘p o ly ­
peptide sy n th etase’ activ ity  o f  rat liver ch rom atin  w as en h an ced  
b y  preincubation  w ith  N A D + . T h is en h an cem en t w a s inhibited
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by the p resen ce  o f  n ico tin am id e or thym id ine. O n  storage o f  
chrom atin  for 2 0 h  at 4 ° C ,  a com p lete  lo ss  o f  p o lyp ep tid e  sy n ­
thetase a ctiv ity  w as observed . T h is, h ow ever, co u ld  be prevented  
by the p resen ce  o f  3 ' :5 '-cy c lic  A M P , an inhibitor o f  p o ly (A D P -  
rib ose) g ly co h y d ro la se . T h ey  su ggest that p o ly (A D P -r ib o se )  
m a y  serve as an energy sou rce  for am ino  acid  activation .
(h) Mechanisms by which ADP-ribosylation may affect 
cellular processes. T he p oss ib le  m ech an ism s b y  w h ich  A D P -  
rib osy lation  m ay  affect cellu lar function  are:
(i) D irect m odu lation  o f  e n zy m e  activ ity  as prop osed  by  
Y oshih ara  et al. (1 9 7 5 )  and  M uller & Z ah n  (1 9 7 6 6 )  for 
(Ca^+ 4- M g^+)-dependent en d on u clea se  and R N A  p o lym erase  
respectively .
(ii) M od ifica tion  o f  a regu latory protein  su ch  as protein  A 2 4  
(O k a y a m a  & H a y a ish i, 1978).
(iii) A ltera tion  o f  chrom atin  structure.
In vestiga tion  o f  the first tw o  p ossib ilities aw a its the identifi­
cation  and elu cid ation  o f  the b io lo g ica l role o f  these proteins  
A D P -r ib o sy la ted  in vivo. M ediation  by ch a n g es in chrom atin  
structure cou ld  occu r at tw o  levels. F irstly , it m ay allow  
e n zy m es, su ch  as D N A -rep a ir in g  en zy m es, a c c e ss  to  prev iou sly  
shielded D N A . T he secon d  p ossib le  role m a y  be related to  
altering g ro ss chrom atin  structure, su ch  as o ccu rs during  
c h ro m o so m e con d en sation  before m itosis. T h e very lo w  c o n ­
centration  in vivo (see  sectio n  Ic) w ou ld  seem  to preclude  
in vo lvem ent o f  p o ly (A D P -r ib o se )  as a m ajor structural e le­
m ent, but m a y  ind icate that it acts as a signal to  other en zy m es  
or proteins. D a ta  attem pting to  correlate p o ly (A D P -r ib o se )  sy n ­
thesis and chrom atin  structures are presented  b elow .
It is w ell k n ow n  that the b a sic  structural unit o f  chrom atin , 
the ‘n u c leo so m e’, is co m p o sed  o f  140 b ase-p airs o f  D N A  w ound  
around an octam er o f  core  h isto n es (H 2 B , H 2 A , H 3 and H 4). 
Such  core  particles are jo in e d  by a ‘linker’ region  o f  D N A ,  
w hich  is the site o f  h iston e H 1 attach m en t [for a review  o n  ch ro­
m atin  structure, see K ornberg (1 9 7 7 )] . T h e extrem ely  low  A D P -  
rib osy lation  o f  the core  h iston es (see  se c tio n s  16 and Ic) indi­
ca tes that su ch  m odification  h as n o  role in m aintain ing the n u c­
leo so m e structure.
S m u lson  and his co llea g u es (M ullins et al., 1977; G iri et al., 
19786) have sh ow n  that the p o ly (A D P -r ib o se )  syn th etase  in  
H eL a-cell chrom atin  is lo ca ted  in the linker D N A  region  
betw een  adjacent n u c leo so m es. T h e en zy m e activ ity  w a s sh ow n  
n ot to  co in cid e  w ith  the p osition  o f  core particles on  su crose  gra­
dients, but w as present at a p osition  enriched  in m on o n u cleo -  
so m es p o ssess in g  linker reg ion s (G iri et al., 19786). P o ly a c ry l­
am ide-gel an a ly sis  after separation  o f  m o n o - and d i-nucleo- 
som es a lso  sh ow ed  that dim ers and m o n om ers con ta in in g  linker 
regions p o ssessed  p o ly (A D P -r ib o se )  sy n th eta se  activ ity  (G iri et 
al., 19786).
T he m odification  o f  nuclear proteins in nu clei and chrom atin  
prepared from  m id-S-phase H eL a  cells h as been  investigated  by  
Jum p et al. (1 9 7 9 ). N u c lea se  d igestion  o f  S -p h ase  nuclei resulted  
in the release o f  n u c leo so m es enriched  in A D P -r ib o sy la ted  p ro ­
teins and p o ly (A D P -r ib o se ) sy n th etase  activ ity  as w ell as 
n ascent D N A  from  the D N A  replicating fork. T h e resu lts sh ow  
that the p o ly (A D P -r ib o se )  sy n th eta se  activ ity  is correlated  with  
extended  form s o f  chrom atin  undergoing  D N A  replication  or 
repair (Jum p et al., 1979).
B esides determ ining the probab le lo ca liza tio n  o f  the  
p o ly (A D P -r ib o se )  sy n th etase  activ ity  w ithin  ch rom atin , Sm ul­
son  and co -w ork ers (M ullins et al., 1 977; G iri et al., 1 9 7 8 a ,6 )  
have a lso  look ed  at the proteins that are A D P -r ib o sy la ted  both  
in nuclei and chrom atin . W h en  H eL a  n uclei w ere incubated  w ith  
N A D +  before n u clease  d igestion  and su b seq u en t n u c leo so m e  
an a lysis it w as seen  that A D P -r ib o sy la ted  h isto n es w ere prefer­
entially  a sso c ia ted  w ith  m on o- and d i-n u c leo so m es, w hereas  
higher o lig o n u c leo so m es exh ib ited  m ore ex ten siv e  m odification  
o f  non h iston e proteins. T he authors su ggested  that A D P -r ib o ­
sylation  o f  h iston es either o ccu rs in n u c leo so m es that are m ore  
susceptib le to  n u clease or renders them  m ore su scep tib le  (G iri et
al., 1978a). A lso , w hen the A D P -r ib o sy la ted  proteins w ere  
an a lysed  in w h o le  nuclei or in variou s c la sses o f  n u c leo so m es , it  
w as ob served  that in nuclei, h iston es H I  and H 2 B  w ere th e  
m ajor a ccep tors, w ith h iston es H 2 A , H 3 , H M G  protein  and M 1 
and M 4  proteins being m odified to  a  lesser extent. H o w ev er , 
w ith m ono-, di- and tr i-n u cleosom es, very little h iston e m odifi­
cation  occu rred , excep t o n  h iston es H I  and H 3 .1 , w h ereas  
A D P -r ib o sy la tio n  o f  H M G  protein  and M l and M 4 proteins  
w as greatly  en h an ced . T h u s it seem s that the core  h iston es are  
on ly  m odified  w hen the chrom atin  is in a native con form ation  
(i.e ., in nuclei), and these resu lts em p hasize the im portan ce o f  
n ative chrom atin  structure in a llow ing the lin ker-located  en zy m e  
to  interact w ith and m odify  core  h iston es (G iri et al., 1 9 7 8 a ). 
T h is native or higher-ordered ch rom atin  structure and its rela­
tionsh ip  to p o ly (A D P -r ib o sy l)a tio n  h as been  further in vesti­
gated  in S m u lson ’s laboratory (B utt et al., 1 9 7 8 , 1979; G iri et 
al, 1978a). T he specific activ ity  o f  the p o ly  (A D P -r ib o se )  sy n ­
thetase rises to  a m axim um  w ith  chrom atin  o f  8 - 1 0  n u c leo ­
so m es in length and as the com p lex ity  o f  the ch rom atin  
in creases w ith resp ect to  n u c leo so m e num ber, a fall and levelling  
o f f  o f  specific  activ ity  occu rs su ggestin g  that a defined c o m p a ct  
structure w ithin  the chrom atin  m ay lim it the reaction  (B utt et 
al, 1978). S u ch  a definite structural organ iza tion  h as b een  
d em onstrated  by F in ch  & K lu g  (1 9 7 6 ), w h o  sh ow ed  that 
n u cleo so m es can  be organ ized  into so leno id s w ith  approx. 6 - 9  
n u cleo so m es per helical turn o f  the so lenoid . A  u n ique structure  
o f  this period icity  has recently  been  d em onstrated  for H eL a-cell 
chrom atin  (B utt et al, 1979) and for rat liver ch rom atin  (Strat- 
ling et al, 1978), both  observation s sh ow in g  preferential c le a ­
v age o f  chrom atin  by m icro co cca l n u clease  at p eriod icity  o f  8 
and 16 n u cleo so m es. T he higher sp ecific  activ ity  o f  p o ly  (A D P -  
ribose) sy n th etase  in the o cta n u c leo so m es h as b een  partially  
exp lained  by the observation  that m ore than 90%  o f  the to ta l 
incorp oration  in such structures occurred  on  protein  C , w h ich  
has a m ol.w t. o f  1 2 5 0 0 0 . A n a ly sis  o f  n u c leo so m es less  than nine  
units in length  sh ow ed  the sam e pattern as o c ta n u c leo so m es w ith  
progressively  less protein C m odification  (B utt et al, 1979). T he  
su ggestion  has been m ade that protein  C m ay b e  the p o ly  (A D P -  
ribose) sy n th etase  (B utt et al, 1979; Jum p et al, 19 7 9 ), and it 
h as been speculated  that the en zy m e m ight be bou n d  to  
chrom atin  at a period icity o f  e ight n u c leo so m es or in  the m id­
region  o f  a 16-nu cleosom e structure (B u tt et al, 1979).
T he p o ly  ( A  D  P-ribo se) m odification  o f  ch rom atin  proteins  
m ay function  by influencing higher-ordered  ch rom atin  structure  
for the sy n th esis o f  D N A  during replication  or repair (Jum p et 
al, 1979). In v iew  o f  the im portance o f  h iston e H I  in m ain­
taining higher-ordered chrom atin  structure (F in ch  & K lug, 
1976; R en z et al, 1977; T h o m a  & K oller, 1 9 7 7 ; W orcel &  
B enyajati, 1977), an interesting p ossib ility  is th a t A D P -r ib o sy ­
lation  o f  h iston e H 1 m ay influence chrom atin  structure, in part, 
by cau sin g  cross-linking o f  h iston e H I  m olecu les loca ted  on  
non -ad jacen t linker regions w ithin  the chrom atin . A  dim er c o m ­
plex o f  h iston e H I  com prising tw o  h iston e H I  m olecu les in 
a ssocia tion  w ith  a single chain  o f  p o ly (A D P -r ib o se )  has been  
sh ow n  to  be syn th esized  in H eL a -ce ll n u clei (S to n e  et al, 1977). 
A lso , b y  using so lub le chrom atin  p reparations from  H eL a-cell 
nuclei, K id w ell and his co llea g u es (B yrne et al, 1 978) have  
sh ow n  a  correlation  betw een  induced  chrom atin  con d en sation  
and the exten t o f  h istone H  1 -p o ly m er  com p lex  syn th esis . C o n ­
sistent w ith  this observation  are the resu lts o f  P erella  & L ea  
(1 9 7 8 , 19 7 9 ), w h ich  sh ow  that, in rat liver nu clei p o lyam in es  
ca u se  an in crease in h istone H 1 A D P -r ib o sy la tio n  (and  p ossib ly  
h iston e H 1-p o ly m e r  dim er syn th esis), w h ich  is a ccom p an ied  by  
a decrease  in A D P -r ib o sy la tio n  o f  the core  h iston es. T h e sp ecu ­
lation  h as been m ade that the form ation  o f  the h is to n e -H  1 -  
p o ly (A D P -r ib o se )  dim er com p lex  m a y  provide a m ech an ism  for 
transiently  con d en sin g  or stabilizing fo lds o f  ch rom atin  fibres 
(S ton e et al, 1977; L orim er et al, 19 7 7 ; B yrne et al, 1978). 
T he transient nature o f  the p rocess h as been inferred from  the 
observation  that the h istone H  1 -p o ly m e r  com p lex  accum u-
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la tio n  is in versely  related  to  the p o ly  (A D P -r ib o se) g ly co h y d ro ­
la se  activ ity  in th e  nuclear syn th esiz in g  system  (L orim er et al.,
1 9 7 7 ). I f  the  h isto n e  H I -p o ly m e r  com p lex  d o es fun ction  w ithin  
th e  ch rom atin  v ia  a  cross-linking m ech an ism , then  the h iston e  
H 1 w ithin  the co m p lex  m u st h ave the sam e or sim ilar affin ity for  
D N A  w ithin  the ch rom atin  as unm odified  h istone H I  in order to  
e ffe ct  the  cross-lin k in g . S tud ies using D N A -c e llu lo se  ch ro m a to ­
grap h y  h ave sh o w n  that unm odified  h iston e H I  exh ib its the  
sa m e in teraction  w ith  D N A  as d o es  the h iston e H  1 -p o ly m er  
c o m p lex , w h ich  thu s supports the cross-linking role for the  
h isto n e  H  1 -c o m p le x  (S ton e et al., 1978). A lso  co n sisten t w ith  
th is h yp o th esis  is  th e  ob servation  that there is an increased  
A D P -r ib o sy la tio n  in  p o ly n u c leo so m es m ore than  three n u cleo ­
so m es in length  (G iri et al., 1978a). A lso , syn th esis o f  the h is­
to n e  H l-p o ly (A D P -r ib o s e )  com p lex  has recently been  reported  
to  o ccu r  in larger p o ly n u c leo so m a l structures (1 6  n u c leo so m es;  
q u oted  in Jum p et al., 1979).
T h e  p h y sio lo g ica l sign ificance o f  su ch  h istone m odification  in 
vitro m ust rem ain  unclear at present, and a lthough  h y p o th eses  
and sp ecu la tion s h av e  been  m ade, on e  m ust w ait for resu lts from  
stu d ies in vivo b efore  an un am b igu ou s assignm ent o f  the role  
th a t protein  A D P -r ib o sy la tio n  p la y s in relation to  chrom atin  
structure and fu n ction  can  be m ade.
(3 ) Conclusions
D esp ite  a great am oun t o f  research , A D P -r ib o sy la tio n  o f  
n u clear proteins is, as yet, a p oorly  u nderstood  process. A s  
sectio n  2 sh o w ed , n o  clear-cu t con clu sion  em erges as to  the  
in vo lvem en t o f  A D P -r ib o sy la tio n  in  any on e particular cellular 
fu n ction , w ith  the  p o ss ib le  excep tion  o f  D N A  repair. F o r  e lu ci­
d ation  o f  the  role or roles fulfilled by a p o stsyn th etic  m odifi­
ca tio n  o f  p rotein s, th e  identification  o f  the proteins m odified  is o f  
p aram oun t im portan ce. T h e system  is clearly heterogen eou s;  
protein  sp ec ies that are kn ow n  to  be m odified in vivo a ccou n t  
for a  sm all proportion  o f  the to ta l A D P -r ib o sy la tio n  observed . 
A lth ou gh  it is d an gerou s to  draw  on  d ata  obtained  from  studies  
in vitro, the resu lts o f  R ick w o o d  et al. (1 9 7 7 )  su ggest that over  
thirty  protein  sp ec ie s are m odified . T h is m ay be either an ov er­
estim ate  (iso la tio n  o f  n uclei m ay ex p o se  new  accep tor sites) or  
an u n d erestim ate (a ccep tors m a y  be lo st during iso la tion ). T he  
next step  in the understanding o f  the role o f  A D P -r ib o sy la tio n  is 
the  determ ination  o f  the b io log ica l role p layed  b y  the proteins  
that are A D P -r ib o sy la ted . T he ex isten ce  o f  tw o  ty p es o f  linkages  
betw een  A D P -r ib o se  and protein  m ay  indicate that at least tw o  
fu n ction s are fulfilled b y  A D P -r ib o sy la tio n  (as su ggested  by  
B redehorst et al. (1 9 7 9 )) . It is stUl un k now n  w hether different 
en zy m es are resp onsib le  for the form ation  o f  these  different 
bon d s or indeed  if  the initial A D P -r ib o se  m olecu le is attached  by  
the sam e e n zy m e that e lon gates the chain . S im ilarly, the rela­
tionsh ip  b etw een  m o n o (A D P -r ib o se )  and p o ly  (A D  P-ribo se) is 
unknow n; is m o n o (A D P -r ib o sy l)a ted  protein  a precursor or a  
degradation  p rod u ct o f  p o ly (A D P -r ib o sy la ted ) protein , or are 
the tw o  com p lete ly  separate?  I f  A D P -r ib o sy la tio n  serves on ly  to  
m odify  an am ino  acid  in an en zy m e’s active site or p rotein ’s 
binding site, w h y  is the system  cap ab le o f  p roducing p o ly (A D P -  
ribose)?
C learly , so m e  ap p roach es u sed  to  attem pt the definition o f  the  
fun ction  o f  A D P -r ib o sy la tio n  are m ore likely to  su cceed  than  
others. T he large num ber o f  n ew  an alytica l tech n iqu es to study  
A D P -r ib o sy la tio n  stem s from  the am bigu ou s resu lts obtained  
w ith older m eth od s. T h u s the  activ ities o f  p o ly (A D P -r ib o se )  
syn th etase ob ta in ed  from  perm eabilized  cells are m ore m ean ­
ingful than  th o se  ob ta in ed  from  iso lated  nuclei. Perhaps the  
m ost prom ising  ap p roach  is to  determ ine A D P -r ib o sy la tio n  o f  
specific fraction s o f  proteins through ou t a cellular activ ity . T he  
ch o ice  o f  a m od el sy stem  p resen ts a  problem , sin ce  ch an ges in  
A D P -r ib o sy la tio n  u su a lly  occu r  during ch an ges in cell status. 
T hus it is d ifficu lt to  a scrib e defin itively an effect on  a particular  
b io log ica l p ro cess. In  veiw  o f  th is, it is n otew orth y  that an  
in vo lvem ent in D N A  repair seem s to  be a m o st likely can d i­
date; it is a lso  on e o f  the easier sy stem s to  study in vivo. T he use  
o f  inhibitor stud ies h as been  neg lected . T h e m ain  p rob lem  is the  
lack  o f  sp ecific ity  o f  com p o u n d s su ch  as n icotin am id e and th y ­
m idine. It is certain  that the in troduction  o f  3-am in o- and 3- 
m eth oxy-b en zam id e, w h ich  are specific inh ibitors o f  p o ly (A D P -  
rib ose) sy n th etase  (M . R . Purnell &  W . J. D . W h ish , unpub­
lish ed  w ork), shou ld  provid e a  usefu l probe for in vestigation .
T h u s, d esp ite m any prob lem s, a large num ber o f  sensitive  
a n a ly tica l tech n iqu es are n o w  availab le, and their use should  
rapid ly in crease our understanding o f  the cellu lar function  o f  
A D P -r ib o sy la tio n .
N o te  A d d ed  in P roof. It h as recently been sh ow n  b y  three 
groups that a purified p o ly (A D P -r ib o se )  sy n th etase  w ill both  
in itiate and elon gate  p o ly (A D P -r ib o se ) chains on  ex o g en o u sly  
added h iston es (see Purnell et al., 1980).
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ADP-RIBOSYLATION OF N UCLEAR PROTEINS IN VIVO
MICHAEL PURNELL, PETER STONE, CAROL SUROWY AND WILLIAM WHISH 
Biochemistry Group, University of Bath, Bath, U.K.
' INTRODUCTION
i A variety of functions have been ascribed to p o l y ( A D P - r i b o s e ) ^ ( f o r  a more
recent review from our laboratory see ^), although the biological role of the 
polymer is unknown. Before any attempt to determine the physiological signific­
ance of p o l y ( A D P - r i b o s e ) , or more importantly the role of the modified proteins,
can be made, a non-selective and quantitative isolation of ADP-ribosylated
protein must be developed. It is such methodology which will be applicable to 
a wide variety of systems, which we report here.
MATERIALS AN D  METHODS
Mouse LS1210 cells were grown at 37°C under 5% (^/^) C O 2 in air in suspension 
culture in Minimal Essential Med i u m  supplemented with 10% (^/^) horse serum,
2raM glutamine and lOOI.U./lml each of penicillin and streptomycin. Cells were 
labelled with adenosine (24Ci/mmole) at a concentration of 40pCi/ml for
16 hours prior to processing for CsCl-urea equilibrium density gradient centri­
fugation. Cells were harvested and washed once wit h  phosphate buffered saline, 
quickly frozen and resuspended in 70% ethanol-50mM acetate buffer pH 5. The 
samples were centrifuged at l,000xg for 20 minutes and the pellet washed once 
with 70% ethanol-acetate and twice with 60% ethanol-50mM acetate pH 5. The 
pellet was finally resuspended in 5 ml of 5M urea, 50% CsCl, O.lmM PMSF,
O.IM sodium acetate pH  5 and centrifuged at 45,000 r.p.m, in a Beckman SW 
50.1 rotor for 72 hours at 4°C. The gradients were fractionated and the acid 
J insoluble [^H]-adenosine determined using the filter disc assay as previously
I described**.
The top fractions containing ADP-ribosylated were pooled, T.C.A. added 
to a final concentration of 25% (^/^) and the samples left on ice for 4 hours. 
The acid precipitable material was removed by centrifugation at 38,000xg for 
15 minutes and washed three times wi t h  25% T.C.A. and twice with ethanol-
50mM acetate pH  5. The average chain lengths were determined by the method of 
Nishizuka et a l ^ following digestion wit h  snake ven o m  phosphodiesterase** and 
PEI-cellulose thin layer chromatography as described previously® using the 
solvent system of Randerath and Randerath^. For further characterisation, the 
material was treated with O.IM NaOH at 37°C overnight and neutralised with
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with acetic acid. The radioactive products were analysed using thin layer 
chromatography. 5' -AMP and 3'-AMP were resolved using the borate system of 
Schwartz and Drach®. Following extensive digestion of the material with snake 
venom phosphodiesterase and alkaline phosphatase, adenosine and ribosyl 
adenosine were separated by the method of Miwa et al®. Determination of the 
presence of de oxyadenosine (derived from DNA) was performed using t.l.c.
RESULTS
As can be seen from Fig. lA the methodology described separates DN A  and RNA 
from protein. Analysis of the adenosine labelled cells shows the distribution 
of radioactivity to be between DNA/RNA and protein (Fig. IB).
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Fig. 1. Separation of DNA, RNA and protein. Cells were grown for 18 hours in 
the presence of [Methyl-®Hjthymidine ( • ) ,  [S-®H]uridine ( o ) ,
L - [ 4  ,5-®h3 leucine ( A )  (lA); or adenosine ( • )  (IB) and the labelled
material analysed by equilibrium density gradient centrifugation as described 
in Materials and Methods. All isotopes were added at 40yCi/ml culture.
Initially, the protein associated label was analysed by a variety of enzymic 
digestions as well as chemical analysis. The results (Table 1) show that the 
radioactivity is predominantly mono- or poly- ADP-ribose as evidenced by its 
susceptibility to snake venom phosphodiesterase and its resistance to DNase I, 
ribonuclease and spleen phosphodiesterase. As would be expected for ADP-
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ribosylated protein the labelled material also shows susceptibility to NH^OH, 
pronase and NaOH. T.l.c. analysis^ revealed that approximately 20% of the 
NH 2 OH released adenosine label migrated as ADP-ribose (data not shown). 
Conversion of the material to nucleosides by digestion with DNase I, spleen 
and snake venom phosphodiesterase and alkaline phosphatase demonstrated the 
complete absence of deoxyadenosine and thus DNA in the preparation.
TABLE 1
ENZYMIC AND CHEMICAL ANALYSIS OF [pH]ADENOSINE LABELLED MATERIAL
TREATMENT % RADIOACTIVITY DIGESTED*
CONTROL 3
SNAKE VEN O M  PHOSPHODIESTERASE 92




PRONASE (Img/ml, 2% SDS) 68
SODIUM HYDROXIDE (O.IN) 87
HYDROXYLAMINE (0.8M pH 7.5) 21
The T.C.A. precipitated p H ] a d e n o s i n e  material was treated as indicated in the 
table. All incubations were performed at 37 C and the reactions followed using 
the filter disc assay** until completion. Enzymes were added at one I.U./ml 
digest except for pronase (Img/ml) and RNase and DNase which were added 
lOOkunitz units/ml.
The presence of approximately 15% RNA is suggested by the ribonuclease A  and 
spleen phosphodiesterase digestions (Table 1). To verify this, the acid 
insoluble material was treated with NaOH, whi c h  has been shown to completely 
remove poly(ADP-ribose) and mono-ADP-ribose from protein^^ and the products 
analysed (Table 2).
Thin layer analysis demonstrated that 14-18% of the radioactivity migrated 
as 3'-AMP (or 2 '-AMP), the breakdown product of RNA. Over 50% of the material 
migrated as 5 '-AMP, the specific product of mono-ADP-ribose h y d r o l y s i s . 
Enzymic digestion of the base released AMP wi t h  either 5'- or 3'-nucleotidase 
confirmed the above distribution. The radioactivity remaining on the origin of 
the t.l.c. is poly(ADP-ribose) because prior digestion with snake venom 
p hosphodiesterase results in the generation of PR-AMP and AMP with a 
concomitant loss of the origin material.
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TABLE 2
ANALYSIS OF NaOH HYDROLYSATE 
CHROMATOGRAPHY
OF p H ] A D E N O S I N E  LABELLED MATERIAL BY THIN LAYER
METHOD OF ANALYSIS % RADIOACTIVITY ON T.L.C.
(T.L.C. REFERENCE) ORIGIN 5 '-AMP 3 ’'-AMP ADENOSINE
8 24 52 18 0
IM ACETIC ACID (4cm) 
+ 0.3M LiCl (8cm)7 21.5 57 14 0
3 '-NUCLEOTIDASE + 6 , 7 22.5 54.5 0 20
5 '-NUCLEOTIDASE + 6 , 7 21 0 17 59
The average chain length of the protein associated (ADP-ribose)^ was 
determined and found to be 1.2 (Table 3). Since 15% of the AMP is 3'-AMP and 
derived from RNA (Table 2) the appropriately corrected value for 5'-AMP gave a 
value of 1.5. The chain length of the oligomeric ADP-ribose was calculated 
(ie, the origin material) by a further correction for the mono-ADP-ribose 
derived 5'-AMP to give a value of 3.3 (Table 3). This was verified 
experimentally by determining the average chain length of the base released 
origin material after removal of the AMP by ion-exchange chromatography. This 
characterisation has thus demonstrated the presence in vivo of both monomeric 
and oligomeric protein-bound ADP-ribose. Furthermore, the methodology has been 
shown to be applicable to analysis of ADP-ribosylated proteins in rat pancreas^® 
and germinating wheat embryo^**.
TABLE 3
AVERAGE CHAIN LENGTH ANALYSIS OF [}h] A D E N O S I N E  LABELLED MATERIAL
TREATMENT T.L.C. ANALYSIS AVERAGE CHAIN LENGTH(REFERENCE) FOUND CORRECTED
SNAKE VENOM , „ 1.5*
PHOSPHODIESTERASE ’ 3.3**
SNAKE VENOM
PHOSPHODIESTERASE + 9 1.21 1.5*
ALKALINE PHOSPHATASE
Corrected for 3'-AMP ** Corrected for 3 ̂ -AMP and 5*-AMP
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Compounds which are known to inhibit poly(ADP-ribose) synthesis im vitro 
have been used extensively to study the function of poly(ADP-ribose) iji vivo 
although no direct evidence has been presented to show that poly(ADP-ribose) 
synthesis is inhibited iji v i v o . Thus it was of considerable interest to apply 
the above methodology to a study of inhibition of poly(ADP-ribose) synthetase 
in v i v o . The effect of thymidine^® and 3-aminobenzamide^® on ADP-ribosylation 
in mouse L1210 was therefore examined. The results are presented in Table 4 
and it can be seen that both compounds result in the complete inhibition of 
poly(ADP-ribose) synthesis. Confirmation of this finding was achieved by the 
analysis of the base hydrolysed radioactive material from cells grown in the 
presence of inhibitor whi c h  showed the absence of radioactivity on the origin 
(Table 5).
TABLE 4




Cells were grown in the presence of p H ] a d e n o s i n e  ± inhibitors, processed as 
described in methods and the snake v e n o m  phosphodiesterase digest analysed® * 7 _
TABLE 5
EFFECT OF INHIBITORS ON pH] ADENOSINE LABELLED MATERIAL
TREATMENT % RADIOACTIVITY ON T.L.C. ORIGIN 5 '-AMP 3'-AMP
CONTROL 25 55 20
THYMIDINE (5mM) 0 75 22
3-AMINOBENZAMIDE (2mM) 0 75 23
Cells were grown in the presence of P h ] - adenosine ± inhibitors, processed as 
described in methods and the NaOH released material analysed®.
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These results demonstrate, for the first time, that known inhibitors of 
poly(ADP-ribose) synthetase in vit r o  do indeed completely inhibit polymer 
formation iji v i v o . Previous evidence for the effects of inhibitors in vivo is 
by inference; the decrease in cellular NAD levels observed upon treatment of 
cells with DNA damaging agents is abolished by co-administration of known in 
vitro inhibitors of poly(ADP-ribose) s y n t h e t a s e ^ 7, Furthermore, a recent study 
suggests that thymidine inhibits ADP-ribosylation in vivo as evidenced by the 
stimulation of poly(ADP-ribose) synthetase activity in nuclei isolated from 
cultured cells synchronised by treatment with thymidine as opposed to 
hydroxyurea^®. The only previous direct attempt to demonstrate inhibition of 
polymer synthesis im vivo following administration of an inhibitor (nicotinamide) 
showed an increased level of endogenous poly (ADP-ribose) in rat heart and livei’? 
Such an observation highlights the need to use specific inhibitors for in vivo 
studies since administration of nicotinamide to rats is known to result in 
elevated levels of NAD in the liver^®.
Although it can be seen that addition of inhibitors to cultures of mouse 
L1210 cells abolishes the synthesis of poly(ADP-ribose) (Table 4,5) it is of 
interest that the synthesis of mono ADP-ribose appears to be unaffected 
(Table 5). These determinations are not quantitative and absolute values for 
the levels of mono ADP-ribose in control and inhibitor-treated cells are needed 
before a definitive interpretation can be made. It is tempting, however, to 
speculate on the origin of this mono ADP-ribose synthesised in the presence of 
inhibitors. One possibility is that there are at least two synthetic enzymes 
involved in ADP-ribosylation of proteins, one or more responsible for 
initiation and the other(s) which extend the monomer to form polymer, and that 
initiation is not affected by the inhibitors. This seems likely in view of 
the observation that histones, w h i c h  are known acceptors for ADP-ribosylation 
in v i v o ^ 1, are not ADP-ribosylated in a reconstituted system containing highly 
purified poly(ADP-ribose) s y n thetase^^. The purified enzyme preparation, 
however, will ADP-ribosylate a histone HI-mono ADP-ribose adduct^®.
In this communication we have demonstrated the presence in vivo of mono- 
and poly ADP-ribosylated proteins and, furthermore, have fully characterised 
both the monomer and polymer. The separation of such ADP-ribosylated proteins 
from DNA and RNA will enable the subsequent identification and characterisation 
of those proteins which are modified in v i v o .
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DISCUSSION
DR. BUTT: S ince  you s t a r t  you r  expe r i ment  on Thursday,  and s t a r t  the
g r a d i e n t  on F r i da y ,  and ana lyze  t h e  g r a d i e n t  on Monday, I r e a l l y  want  t o  know, 
s i n c e  you r e l y  on t h e  adenos ine  l ab e l  a t  t he  top  o f  t he  g r a d i e n t ,  how much l o s s  
occur s  s i n c e  t he  zero  t ime .  Have you worked t h a t  out ?
DR. STONE: Wel l ,  we ge t  a q u a n t i t a t i v e  r e covery  o f  t he  l a b e l .  The p r o t e in s
a r e  a l l  t h e r e .  I f  t h e r e  were d e g ra da t i o n  dur ing  c e n t r i f u g a t i o n  you would 
c e r t a i n l y  expec t  t o  see  smear ing .  I t h i nk  the  r e s o l u t i o n  i s  f a i r l y  n i c e .  We
go a lmos t  r i g h t  down to  base l i n e .
DR. OGATA: I wonder i f  you have an a c c u r a t e  way t o  measure any polymer
r e l e a s e d  from the  p r o t e i n  as  i t  goes down the  g r a d i e n t .
DR. STONE: Free polymer goes to  t h e  bot tom.
DR. OGATA: What was t he  pH and t empe ra t u r e  o f  t he  g r a d i e n t ?
DR. STONE: The pH was about  4 to  5,  and t he  t empe ra tur e  was 4°C.
DR. MANDEL: From what  we s e e ,  t h e  g r a d i e n t  works very  w e l l .  We a re  going
to  t r y  t he  same t h i n g ,  but  i n  o rd e r  t o  de te rmine  the  amount o f  monomer and 
dimer we a r e  going t o  measure f l u o r e s c e n c e ,  so we have a s p e c i f i c  a c t i v i t y .
DR. STONE: Our r e s u l t s  a r e  c l e a r l y  not  q u a n t i t a t i v e ,  but  the i n t e r e s t i n g
th ing  i s  t h a t  an i n h i b i t o r  wipes ou t  t he  polymer,  and t he  c e l l s  s t i l l  grow.
So I t h i nk  one shou ld  bear  in  mind t h a t  maybe t he  polymer per  se i s  not  so 
imp or t a n t  as t he  monomer, and t h a t  t h e  fu nc t i o n  may be r e l a t e d  to  a mon i tor i ng  
t ype  r o l e  i n s t e a d  o f  a s p e c i f i c  p o in t  in t ime where something has t o  happen.
I t h in k  one should  t h i n k  o f  i t  as a s o r t  o f  c l e a n i n g  up p ro ce s s ,  where t he
m o d i f i c a t i o n s  a r e  s o r t  o f  mon i t o r i n g .  I t h i n k  in  t h a t  r e s p e c t ,  DNA i s  a very
good c a n d i d a t e .
DR. HILZ: I 'm no t  comp le t e ly  agr eed  w i th  you r  conc lu s ion  t h a t  you can wipe
out  po lymer s , t h a t  you have no polymer lower  down in t he  g r a d i e n t .  This 
f r a c t i o n  you would no t  s e e ;  you would not  an a ly ze .  You have r e s t r i c t e d  you r 
a n a l y s i s  t o  f r a c t i o n s  o f  ADP-r ibosy l a t ed  p r o t e i n s  wi th  a c e r t a i n  d e n s i t y ,  which 
means p r o t e i n s  mod i f i ed  t o  on ly  a c e r t a i n  e x t e n t .
DR. STONE: But i f  you look a t  f i g u r e  lA,  t h a t ' s  t he  p r o f i l e  wi th  l e u c i n e ,
t he  p r o t e i n  i s  a l l  a t  t h e  t o p .  The f a c t  t h a t  t h e r e  i s  no adenos ine  t h e r e  
d o e s n ' t  m a t t e r .  There  i s  s t i l l  endogenous m a t e r i a l  t h e r e ,  and a l l  the  p r o t e in  
i s  a t  t he  t op .
DR. HILZ: Less t han 1% would be l o s t .
DR. JACOBSON: I 'm not  c e r t a i n  t h a t  p r o t e in  wi th t h i r t y  t o  f o r t y  r e s i d u es  o f
ADP-r ibose would be a t  t h e  t op .
DR. STONE : The p r o t e i n  i s  a t  t h e  t o p ,  bu t  I c a n ' t  t a l k  about  1%.
DR. JACOBSON: But t h a t  i s  what I submit  would be t he  expect ed amount o f  
p r o t e i n  having po ly (ÀDP-r ibose)  i n  t h e  c e l l s .
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DR. BURZIO: You p r e c i p i t a t e  t h e  t op  f r a c t i o n s  w i th  TCA and then wash wi th
a l c o h o l .  Do you know how much you l o s e  wi th  t he  a l coho l  wash?
DR. STONE: Yes. There i s  a maximum lo s s  o f  1% to  2% o f  t he  ac id
p r e c i p i t a b l e  m a t e r i a l .  So by t he  na tu r e  o f  the  m a t e r i a l  a t  the  top o f  t he
g r a d i e n t ,  i t  must  s t i l l  be a t t a c h e d  t o  p r o t e i n  to  be ac id  p r e c i p i t a b l e .
DR. OLIVERA: I f  I unde r s t and  t he  i n t e r p r e t a t i o n  o f  what you a r e  s ay i ng ,  the
po l ym er i za t i o n  can be i n h i b i t e d ,  but  t he  c e l l s  s t i l l  grow.
DR. STONE: Yes.
DR. OLIVERA: I am amazed t h a t  so much o f  t he  a c id  p r e c i p i t a b l e  m a t e r i a l  i s
a t  t he  top  o f  t he  g r a d i e n t .  Can you ex p l a i n ?
DR. STONE: We k i l l  t h e  c e l l s  as q u i c k l y  as we can .  We f r e ez e  them in
l i q u i d  n i t r o g e n .  I t h i n k  t h a t  i s  why we ob t a in  so much l abe l  s t i l l  a t t a c h e d  
t o  p r o t e i n .
DR. OGATA: Is i t  p o s s i b l e  t h a t  you a r e  looking  a t  t he  t u r no ve r  o f  t e rminal
adenos ine  on an a l r e a d y  %ong cha in?
DR. STONE : No. We have l a b e l e d  o ve rn i g h t  wi th  adenos ine  and chased wi th
co ld  adeno s i ne .  The h a l f  l i f e  seems t o  be one o r  two hou r s ,  so wi th  16 hours 
o f  l a b e l i n g  t h e r e  should be l i t t l e  un l abe l ed  m a t e r i a l .
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A p p l i c a t i o n  of aininoetl iyl  c e l l o i o s e  chromatographic s e p a r a t i o n  
o f  monomer ic  and polymer ic  ADP-ribose
Michael R. P u r n e l l ,  P e t e r  R. S tone ,  Carol  S. Suro^vy and Will iam J .D .  Whish
B iochem is t ry  Group, School of B i o l o g i c a l  S c ie n ces ,  U n iv e r s i t y  of  Bath,
C la v e r to n  Down, Bath ,  Avon BÂ2 7AY.
The b i o l o g i c a l  r o l e  o f  n u c l e a r  p r o t e i n  A D P -r ibosy la t ion  ( f o r  a r e c e n t  review 
see P u rn e l l  e t  a l . ,  1980a),  a l th o u g h  im p l ic a te d  in  a wide v a r i e t y  of  c e l l u l a r  
p r o c e s s e s ,  i s  n o t  u n d e r s to o d .  I t  i s  c l e a r ,  however, t h a t  i n  v ivo  and in  v i t r o  
b o th  mono and po ly  A D P - r ib o s y la t io n  o f  n u c l e a r  p r o t e i n s ,  e s p e c i a l l y  the  h i s t o n e s ,  
occurs  (P u r n e l l  e t  a l . ,  1980a ,b) a l th o u g h  the  r e l a t i o n s h i p  between mono and poly  
ADP-ribose has no t  been e s t a b l i s h e d .  Thus a s imple and r a p i d  a n a l y t i c a l  system 
i s  needed which w i l l  a l lo w  s e p a r a t i o n  of  mono and poly  ADP-ribose in  o rd e r  to 
make c o n c lu s io n s  r e g a r d i n g  t h e  e x t e n t  of  mono and poly  A D P -r ibosy la t ion  of  
s p e c i f i c  n u c l e a r  p r o t e i n s .  I t  i s  such methodology which we wish to  r e p o r t  in 
t h i s  p r e s e n t  communication.
One of  the  i n t r i g u i n g  p r o p e r t i e s  of  p ro te in -A D P -r ibose  c o n ju g a te s  a re  t h e i r  
d i f f e r i n g  s e n s i t i v i t i e s  towards  n e u t r a l  hydroxylamine.  Thus,  i t  has been shovm 
t h a t  bo th  mono and po ly  ADP-ribose a re  a t t a c h e d  to  p r o t e i n s  by a t  l e a s t  two 
l i n k a g e s .  One o f  t h e s e  i s  q u a n t i t a t i v e l y  c leaved  by NaOH and n e u t r a l  hydroxylamine,  
the  o t h e r  be ing  NaOH s e n s i t i v e  and hydroxylamine r e s i s t a n t  (Adamietz and H i l z ,  1976), 
Of p a r t i c u l a r  i n t e r e s t  i s  h i s t o n e  HI which i s  the  most e x t e n s i v e l y  s tu d i e d  a c c e p to r  
to  d a t e  (P u rn e l l  e t  a l . ,  1980a) a l though  no complete a n a l y s i s  of  th e  e x t e n t  of 
mono and po ly  A D P -r ib o s y la t io n  and t h e i r  a s s o c i a t e d  l i n k a g e s  has been made.
Here we r e p o r t  such a d e t a i l e d  a n a l y s i s .
A 0.5M NaCl e x t r a c t  of  p o rc in e  thymus n u c l e i  was in cuba ted  w i th  [adenine-^H^ NAD- 
as p r e v i o u s l y  d e s c r ib e d  (P u r n e l l  and Wliish, 1980) .and h i s t o n e  Hi i s o l a t e d  by 
th e  p e r c h l o r i c  ac id  e x t r a c t i o n  procedure  of  Johns (1964).  The Hi was f u r t h e r  
p u r i f i e d  to  homogeneity (as judged by a s i n g l e  band on bo th  a c i d - u r e a  (Panyim 
and C ha lk ley ,  1969) and SDS po lyacry lam ide  g e l s  (Weber and Osborn,  1969))  by
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p r e f e r e n t i c i  p r é c i p i t a t i o n  w i th  HCl and a c e t o n e  (Goodwin and J o h n s ,  1977) .
G r e a t e r  t h a n  95% o f  t h e  r a d i o a c t i v i t y  i n c o r p o r a t e d  i n t o  t h e  p u r i f i e d  Hi p r e p a r a t i o n  
m i g r a t e d  as  a s i n g l e  peak  in  a s s o c i a t i o n  w i th  th e  HI on a c i d - u r e a  p o ly a c ry la m id e
g e l s .  T rea tm en t  o f  such  HI p r e p a r a t i o n s  w i t h  IM e th y la m in e  f o r  30 m inu tes  a t  37°C
q u a n t i t a t i v e l y  c l e a v e s  t h e  ADP-r ibose-Hl l i n k a g e ( s )  as  e v id e n c e d  by a com ple te  
l a c k  of  any r a d i o a c t i v i t y  e l e c t r o p h o r e s i n g  w i t h  HI on a c i d - u r e a  p o ly a c ry la m id e  
g e l s  f o l l o w i n g  such  t r e a t m e n t .  A n a ly s i s  o f  t h e  r e l e a s e d  r a d i o a c t i v i t y  was 
per formed  u s i n g  a m in o e th y l  c e l l u l o s e  column ch ro m a to g ra p h y . The e th y la m in e  
t r e a t e d  HI was l y o p h i l i s e d  t o  remove t h e  e t h y la m in e  and th e n  d i s s o l v e d  i n  1ml 
w a te r  and a p p l i e d  t o  a column of a m inoe thy l  c e l l u l o s e  (10 x 15mm). The column 
was e l u t e d  w i th  10ml 6N a c e t i c  a c i d  t h e n  w i t h  5ml w a te r  and f i n a l l y  w i th  10ml 
IM e t h y la m i n e .  The a c e t i c  a c i d  and e t h y l a m i n e  f r a c t i o n s  were t h e n  l y o p h i l i s e d  
and a n a l y s e d  by P E I - c e l l u l o s e  t h i n  l a y e r  ch romatography  (S tone  e t  a l . ,  1973) .
The r e s u l t s  show t h a t  mono ADP-r ibose  and i t s  base  d e r i v e d  p r o d u c t s  5 ' -AMP
and "X", an ADP-like  compound (Goebel e t  a l . ,  1977) e l u t e  e x c l u s i v e l y  w i th
6N a c e t i c  a c i d .  No r a d i o a c t i v i t y  i s  s een  on t h e  o r i g i n  o r  be tween  t h e  o r i g i n  
and ADP-ribose on t h e  t h i n  l a y e r  chromatogram i n d i c a t i n g  an  a b s en ce  of  
p o ly  ADP-r ibose i n  t h e  a c e t i c  a c i d  f r a c t i o n .  The po ly (A D P -r ibose )  e l u t e s  w i th  
IM e th y la m in e  from t h e  am in o e th y l  c e l l u l o s e  and ch rom atographs  on t h e  o r i g i n  
and be tween  t h e  o r i g i n  and  ADP-r ibose  on P E I - c e l l u l o s e .  Thus ,  am inoe thy l  
c e l l u l o s e  ch rom a tography  f a c i l i t a t e s  a com ple te  s e p a r a t i o n  o f  mono and p o ly  
A D P - r ib o s e ,
A l a b e l l e d  HI p r e p a r a t i o n  was i n c u b a t e d  w i t h  0.4M h y d ro x y la m in e ,  pH 7 . 0 ,  
f o r  30 m in u te s  a t  37°C and t h e  r e l e a s e d  mono and po ly  ADP-r ibose  s e p a r a t e d  
from b o t h  unm od i f ied  HI and hydroxy lam ine  r e s i s t a n t  HI c o n j u g a t e s  by 
chromatography  on Bio Rex 70 (S tone  e t  a l . ,  1977) .  A n a l y s i s  o f  such HI p r e p a r a t i o n s  
by a c i d - u r e a  p o l y a c r y l a m id e  g e l  e l e c t r o p h o r e s i s  r e v e a l s  t h a t  a p p r o x i m a t e l y  27% of 
t h e  t o t a l  H i - a s s o c i a t e d  r a d i o a c t i v i t y  i s  hydroxylam ine  r e s i s t a n t .  Th is  r e s i s t a n t  
m a t e r i a l  has  a l s o  been  a n a l y s e d  f o r  mono and p o ly  ADP-r ibose by e t h y la m in e  
t r e a t m e n t  and a m in o e th y l  c e l l u l o s e  ch rom a tography .  The r e s u l t s  show t h a t  40%
_ 3 ~
o f  t h e  t o t a l  H l - a s s o c i a t e d  r a d i o a c t i v i t y  i s  mono ADP-r ibose and t h a t  
a p p r o x im a te ly  13%of t h i s  monomer i s  hydroxy lam ine  r e s i s t a n t .  Of t h e  60% p o ly  
ADP-r ibose a t t a c h e d  t o  HI 37% i s  hydroxy lam ine  r e s i s t a n t .  These r e s u l t s  show 
t h a t  HI c o n j u g a t e s ,  s y n t h e s i s e d  i n  v i t r o  i n  a p o r c i n e  thymus n u c l e a r  s a l t  
e x t r a c t ,  c o n t a i n  b o t h  hyd roxy lam ine  r e s i s t a n t  and s e n s i t i v e  l i n k a g e s  t o  mono 
and p o ly  A D P -r ibose .
Th i s  me thodology has  a l s o  been  a p p l i e d  t o  a s tu d y  o f  p r o t e i n s  m o d i f i e d  
i ^ v i v o .  Mouse L1210 c e l l s  were giown as p r e v i o u s l y  d e s c r i b e d  in  a d e n o s in e  
and th e  A D P - r ib o s y la t e d  p r o t e i n s  i s o l a t e d  by C sC l-u rea  d e n s i t y  g r a d i e n t  
c e n t r i f u g a t i o n  ( P u r n e l l  e t  a l . ,  1980b) .  The i s o l a t e d  p r o t e i n s  were t r e a t e d  
w i th  IM e t h y l a m i n e  a t  37°C o v e r n i g h t  and a n a l y s e d  by am inoe thy l  c e l l u l o s e  
chromatography  a s  d e s c r i b e d  above f o r  H i .  The r e s u l t s  show t h a t  o f  t h e  t o t a l  
i n  v iv o  A D P - r ib o s y la t5 o n  a p p r o x im a te ly  73% i s  mono ADP-ribose and 27% i s  p o ly  
A D P-r ibose .  F u r th e r m o re ,  t r e a t m e n t  of  t h e  e th y la m in e  e l u t i n g  p o ly  ADP-r ibose 
wiLh snake venom p h o s p h o d i e s t e r a s e  and e s t i m a t i o n  o f  t h e  ave ra ge  c h a i n  l e n g t h  
(N is h izu k a  e t  a l . ,  1969) r e v e a l s  a v a l u e  of  2 .9 2 .  Obv ious ly  i t  would be o f  
i n t e r e s t  t o  know t h e  e x t e n t  o f  hydroxy lam ine  r e s i s t a n t  mono and p o ly  ADP- 
r i b o s y l a t i o n  ini v iv o  as  w e l l  as  t h e  a v e ra g e  c h a in  l e n g t h  of  such  r e s i s t a n t  
p o ly  ADP-r ibose and we a r e  c u r r e n t l y  engaged in  such  s t u d i e s .
We th a n k  t h e  S c ie n c e  R es ea rc h  Counci l  ( s u p p o r t  t o  MRP, PRS and WJDW), 
th e  Medica l  R e s ea rc h  C ounc i l  ( s u p p o r t  to  CSS and WJDW) and M i le s  L a b o r a t o r i e s  
( s u p p o r t  t o  MRP and WJDW).
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A method is described for analyzing the extent of mono* and oligo-ADP-ribosylation 
of specific nuclear proteins directly from the protein bands on polyacrylamide gels. 
Ethylamine treatment of the gel slices containing the pH]ADP-ribosylated protein re­
sults in the release of the protein associated pH]mono- and oligo-ADP-ribose which are 
recovered following lyophilization of the ethylamine extract. Subsequent aminoethyl 
cellulose chromatography of this released material permits a quantitative separation of 
mono-ADP-ribose and its derivatives from oligo-ADP-ribose as evidenced by thin-layer 
chromatographic analysis of the separated fractions. This methodology and the determina­
tion of the extent of mono- and oligo-ADP-ribosylation is demonstrated here using 
PH]ADP-ribosylated HI synthesized in pig thymus nuclei incubated in the presence of 
PH]NAD. The method is shown to be applicable to both sodium dodecyl sulfate 
and acid-urea polyacrylamide gels. Furthermore, by performing such analyses on purified 
and crude HI preparations the method is shown to allow accurate determinations 
of the extent of mono- and oligo-ADP-ribosylation without having to first purify the 
acceptor protein to homogeneity.
ADP ribosylation of proteins has been 
observed to occur in the nuclei of all 
eukaryotes so far studied (1-3). This 
covalent modification of nuclear proteins 
is catalyzed by a chromatin-bound enzyme, 
poly(ADP-ribose)' synthetase, which cata­
lyzes the incorporation of the ADP-ribose 
moiety of NAD into mono- and poly-ADP- 
ribosylated nuclear proteins (1-3). Despite 
the implication of ADP ribosylation in 
DNA replication and repair, transcription, 
differentiation, and cell growth and pro­
liferation (for a recent review see Ref. (1)) 
its precise role remains unknown. One 
necessary approach is to characterize the
' Abbreviations used: ADP, adenosine diphosphate; 
ADP-ribose, adenosine diphosphate-ribose; AMP, 
adenosine monophosphate; HMG proteins, high- 
mobility group proteins; PCA, perchloric acid; PPO, 
2,3-diphenyloxazok: PEI-cellulose, polyethylene imine- 
cellulose; SDS, sodium dodecyl sulfate; TCA, tri­
chloroacetic acid.
ADP ribosylation of specific proteins. To 
date the most commonly used approach 
has been to isolate and study those pro­
teins for which relatively quick and easy 
methods of purification are available, e.g. 
the histones. Even though much informa­
tion has been obtained on the ADP ribo­
sylation of histones analysis of other 
specific acceptor proteins has proved 
more difficult (1). A more recent approach 
has been to separate ADP-ribosylated pro­
teins from unmodified proteins using boron- 
ate affinity chromatography (4-7). Even 
using this latter method, analysis of in­
dividual ADP-ribosylated proteins has only 
been achieved when used in conjunction 
with other specific protein, purification 
steps as is the case for A24 protein (5), 
and the histones (6 ). Clearly methodology 
needs to be developed which will enable 
the ADP ribosylation of individual pro­
teins to be analyzed rapidly without the
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need to go through the lengthy process of 
purifying to homogeneity each possible ac­
ceptor protein. It is such methodology 
which we wish to report in this communica­
tion. We have developed a procedure which 
permits the analysis of the ADP ribosylation 
of individual proteins directly from protein 
bands on polyacrylamide gels. The efficiency 
and reliability of the method is demon­
strated using pH]ADP-ribosylated histone 
HI isolated in a completely pure, and a 
crude, form from pig thymus nuclei which 
have been incubated with [®H]NAD.
MATERIALS AND METHODS
Adenosine-pH]NAD (1 mCi/ml, 20 mCi/ 
/xmol) was synthesized from [’H]ATP 
(Radiochemical Centre, Amersham) by the 
method of Ohtsu and Nishizuka (8 ).
Isolation o f pig thymus nuclei. Nuclei 
were isolated as described by Khan and 
Shall (9).
Synthesis and isolation o f [^H]ADP- 
ribosylated H I. Isolated nuclei (approx 8  
mg DNA were incubated for 5 min at 25°C 
with 200 fxCi [^H]NAD in 3 ml of reaction 
mixture which contained 2 mM dithio- 
threitol, 10 mM MgCl%, and 50 mM 
triethanolamine/HQ, pH 8.2. Then 0.75 ml 
2 n H2 SO4  was added (final concentration 
of 0.4 n )  and the histones were extracted 
as previously described (10). Histone HI 
was isolated from the total histone prepara­
tion by extraction with 5% (v/v) rc A  (11) 
and purified to homogeneity by precipita­
tion of the HI from the PGA with 3.5 
vol of acetone and 0.03 vol of concentrated 
HCK12).
Analysis o f  incorporated [^H]NAD. The 
extent of [’H]ADP ribosylation of the 
histones and HI was determined using the 
filter disc assay as previously described 
except that all the TCA washes were done 
with 20% (w/v) TCA (13).
Polyacrylamide gel electrophoresis o f  
total histones and H I . Electrophoresis was 
performed using the 6.25 m urea-0.9 n
acetic acid system of Panyim and Chalkley 
(14). SOS-polyacrylamide gel electro­
phoresis was performed as described by 
Weber and Osborn (15). Gels were sliced 
and analyzed for radioactivity using the 
one-step procedure of Aloyo (16).
Extraction and separation o f [^H]mono- 
and oligo-ADP-ribose from gels. Gel slices 
( 1.5 mm) containing the [®H] ADP-ribosylated 
HI were placed in fixing solution (45.4% 
(v/v) methanol-9.2% (v/v) acetic acid) in a 
tightly capped bottle and left overnight 
at room temperature. The fixing solution 
was then decanted and the gels were quickly 
rinsed with distilled water before incubat­
ing them with 1 m ethylamine ( 1  ml/gel 
slice) for 7 h at 3TC. (During both the 
fixing of the gels and the incubation with 
ethylamine the gels were agitated with the 
aid of a magnetic stirrer bar.) The ethyl­
amine, which extracts mono-ADP-ribose, 
its derivatives and oligo-ADP-ribose, was 
then removed and lyophilized. The sample 
was dissolved in 6 n  acetic acid and any 
fragments of gels present were removed by 
centrifugation for 1 0  min at 1 0 ,0 0 0 g. 
(Alternatively, the sample may be cen­
trifuged before the lyophilization step.) 
The 6  N acetic acid sample was then 
applied to an aminoethyl cellulose column 
(15 X 1 0  mm), eluted with 1 -ml volumes of 
6 n acetic acid and 1 -ml fractions were 
collected until no more radioactivity eluted 
from the column. The elution was con­
tinued with 1 -ml volumes of distilled water 
(approx 6 ) and finally with 1 -ml volumes 
of 1 M ethylamine.
Analysis o f  aminoethyl cellulose frac­
tions. In order to check that mono-ADP- 
ribose and its derivatives were com­
pletely separated from oligo-ADP-ribose, 
by aminoethyl cellulose chromatography 
the 6  N acetic acid and 1 m ethylamine 
firactions were lyophilized and analyzed by 
PEI-cellulose thin-layer chromatography as 
previously described (17). Following chro­
matography each sample track was cut into 
0.5-cm-wide strips which were placed into
3*5 3^
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Fio. 1. Electrophoresis of PHIADP-ribosylated total histones and purified histone HI on acid-urea 
polyacrylamide gels. Nuclei were incubated with pH]NAD, total histones, and purified HI isolated 
and aliquots of each were analyzed by gel electrophoresis. (A) 50 /xg crude total histones (approx 15,(XX) 
cpm); (B) 10 fig pure histone HI (approx 30(X) cpm).The arrows indicate the position of the proteins 
seen on dufdicate stained gels.
capped scintillation vials containing 1  ml 
5% (v/v) PCA and the vials were heated 
at 70°C for 15 min. After cooling the radio­
activity in each strip was determined by 
adding 10 ml of scintillation fluid (0.5% 
(w/v) PPO-70% (v/v) toluene-30% (v/v) 
Triton X-100) and counting in a Packard 
Tri Carb liquid scintillation spectrometer.
RESULTS AND DISCUSSION
In order to develop new techniques 
which will lead to a method for analyzing 
the ADP ribosylation of specific proteins 
on gels it is necessary to test possible 
approaches using “ model proteins.” The 
requirements of such a protein are that it is 
ADP ribosylated when nuclei are incubated 
with pH] NAD, that it is easily and quickly 
isolated both in a semipure and pure form, 
and finally, that it is readily resolved and 
identified on polyacrylamide gels. Such
requirements are fulfilled by histone HI 
which has been shown to be ADP ribo­
sylated in several tissues (see Ref. (1)). It is 
readily extracted from nuclei with 0.4 n  
HsSO^ in a semipure form along with 
the other histones (18) and may be further 
separated and purified by PCA extraction 
and acetone/HCl precipitation (12). Indeed, 
when pig thymus nuclei are incubated 
with pH]NAD and the 0.4 n  H2 SO4  extract 
is analyzed by acid-urea polyacrylamide 
gel electrophoresis it is seen that histone 
HI appears to be the major protein ADP 
ribosylated with the HI-associated radio­
activity accounting for approximately 2 0 % 
of the total in the preparation (Fig. lA). 
Acid-urea polyacrylamide gel analysis of 
HI which was purified to homogeneity, 
as evidenced by a single band on SDS-gels 
and acid-urea gels (data not shown), 
shows that greater than 90% of the radio­
activity in the HI preparation is asso-










F i g . 2. Stability o f  [’H]ADP-ribose Hi linkages. 
Purified histone HI (60/ig, 18,(XX) cpm) was incubated 
under various conditions in a final volume of 0.2 ml 
at 37*C. At different times 20*pl1 aliquots were taken 
and the acid insoluble radioactivity remaining deter­
mined using the filter disc assay as described under 
Materials and Methods. ( • ) ,  0.9 n  acetic acid; (O) 
0.1 M sodium phosphate, pH 7; (A), 0.4 n  NHtOH, 
pH 7; (□) 1 M ethylamine; (■) 0.1 m NaOH.
dated with HI (Fig. IB). These results 
clearly indicate HI to be an ideal “'model 
protein’' and the methodology presented in 
this communication has been developed 
using such HI preparations as seen 
in Fig. 1.
It is essential that the [^H]ADP-ribose 
can be released from the modified HI on 
gels in order to be able to characterize 
the radioactivity. Basic conditions are 
known to quantitatively cleave all mono- 
ADP-ribose and oligo-ADP-ribose-protein 
linkages (19) and so treatment of gel 
slices containing pH]ADP-ribosylated HI 
under such conditions should result in re­
lease of the radioactivity. In order to simplify 
processing of the sample following incuba­
tion of the gel slices with base, ethylamine 
was chosen instead of the commonly used 
NaOH (19). Ethylamine is extremely volatile 
and hence is easily removed prior to fur­
ther analysis. The Hl-ADP-ribose link­
ages appear to be equally sensitive to 1 m
ethylamine and 0 . 1  n NaOH (Fig. 2) sug­
gesting that IM ethylamine cleaves all link­
ages as does NaOH (19). Analysis of HI 
which had been pretreated with IM ethyl­
amine for 30 minutes at 37°C on acid-urea 
polyacrylamide gels confirmed that IM 
ethylamine does quantitatively cleave all 
Hl-ADP-ribose linkages since, unlike the 
control (Fig. IB) no radioactivity was ob­
served electrophoresing on the gel with HI 
(data not shown). (The stability of the 
Hl-ADP-ribose linkages towards 0.9N 
acetic acid and O.IM sodium phosphate 
pH 7, which act as controls for the stabil­
ity on acid-urea and SDS gels respectively, 
is also seen in Fig. 2. There is no detectable 
cleavage in acetic acid although some small 
loss is observed at pH 7 but not sufficient 
to invalidate analysis by SDS-gel electro­
phoresis at this pH. Incubation with 
neutral hydroxy lamine, which has been 
shown to cleave only a proportion of 
mono- and oligo-ADP-ribose-protein bands 
(19), results in less cleavage than NaOH 
and ethylamine which indicates some 
hydroxylamine-resistant linkages on HI 
(Fig. 2). Such ADP-ribose linkages have 
been analyzed and the results are dis­
cussed later.
Thus, having established that ethylamine 
does cleave all the [®H]ADP-ribose-Hl 
bands the kinetics of the release of such 
radioactivity firom HI on gels was studied 
in order to determine the conditions neces­
sary for recovery of the counts. HI prepara­
tions containing [*H]ADP-ribosylated HI 
were electrophoresed on SD S- and on 
acid-urea polyacrylamide gels and follow­
ing slicing of the gels those slices contain­
ing [^H]ADP-ribosylated HI were fixed 
as described under Materials and Methods.^ 
Fixing of the gels is important because it
' Under standard electrophoretic conditions as used 
in this present study the slices containing the ['H]- 
ADP-ribosylated HI are Nos. 16-21 for acid-urea gels 
when the marker dye electrophoreses 7.3 cm (slice 
43) and Nos. 10-13 for SDS-gels when the marker 
dye electrophoreses 7.5 cm.
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Fig. 3. Time course of release of PH]ADP-ribose 
from acrylamide gel slices by ethylamine. Gel slices 
containing a total o f24,000 cpm of pH] ADP ribosylated 
histone HI were fixed and treated with 40 ml 1 m 
ethylamine as described under Materials and Methods. 
At various times of incubation with ethylamine 1-ml 
aliquots were taken and the released radioactivity 
was determined by counting in PPO-toluene-X-IOO 
scintillation fluid. The counts per minute released at 
7 h (approx 600 cpm) were taken as the maximum and 
the percentage of m ax im u m  counts per minute released 
was calculated for each time ( • ) ,  SDS gels; (O) 
acid-urea gels.
facilitates the removal of compounds such 
as SDS and phosphate buffer which may 
interfere with the subsequent analysis of the 
released radioactivity by aminoethyl cellu­
lose chromatography. The gel slices were 
then incubated with 1 ml/slice ethylamine^ 
at 3TC  and at various time aliquots taken 
and the counts released were determined. 
The results are seen in Fig. 3 and it is clear 
that by 6  h a quantitative recovery of re­
leased radioactivity is obtained for samples 
electrophoresed on SDS-gels and on acid- 
urea gels. The released radioactivity should 
consist of oligo-ADP-ribose and the base 
products of mono-ADP-ribose, namely, 5 '-
* The gel slices swell in ethylamine and absorb 
approximately four times their own volume of solution 
(100 /xJ). One milliliter ethylamine/gel slice results, 
therefore, in only a 10% loss which can be further 
reduced by increasing the volume of ethylamine used.
AMP and an ADP-like compound (20). 
Separation and determination of the radio­
activity in the oligo- and mono-ADP-ribose 
fractions would permit conclusions to be 
made regarding the extent of mono- and 
oligo-ADP ribosylation of the acceptor 
protein. Separation of mono-ADP-ribose 
and its based-derived products from oligo- 
ADP-ribose have been extensively studied 
in this laboratory (Purnell and Whish, 
unpublished data) and the procedure adopted 
here results from such studies. Histones 
were treated with 1 m ethylamine and 
lyophilized prior to solubilization in 6 n  
acetic acid and aminoethyl cellulose chro­
matography performed as described under 
Materials and Methods. A quantitative 
recovery of radioactivity was obtained 
which eluted in two fractions—a 6 n  
acetic acid and a 1 m ethylamine fraction 
(Fig. 4). The two fractions were lyophilized
8  12 18 20 24 2S
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F i g . 4. Aminoethyl cellulose chromatography of 
PH] mono- and oligo-ADP-ribose released from total 
histones. pH]ADP-ribosylated total histones (150,000 
cpm and 0.5  mg protein) were incubated with 1 m 
ethylamine at 3TC for 7 h before lyopbilizing and 
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F ig . 5. PEI-cellulose chromatography of the ethylamine-released products from pH ] ADP-ribosy lated 
total histones. The resolved acetic acid and ethylamine fractions obtained after aminoethyl cellulose 
chromatography of ethylamine-treated pH]ADP-ribosylated total histones (Fig. 3) were lyophilized 
and analyzed by PEI-ceQulose chromatography as described under Materials and Methods. (A) un­
treated and unfiactionated histones, (B) acetic acid fraction, (Q  ethylamine fraction. The arrow 
indicates the position of the solvent front; ADP, ADP-ribose, and AMP were included as markers.
and analyzed by PEI-cellulose thin-layer 
chromatography in order to check the sepa­
ration afforded by the aminoethyl cellulose. 
The results are shown in Fig. 5 and it can 
be seen that in the original untreated H l -  
ADP-ribose preparation the counts remain 
on the origin because the ADP-ribose is 
bound to the HI (Fig. 5A). The 6  n  acetic 
acid fraction is seen to consist mostly of 
5 -AMP with traces of ADP and ADP- 
ribose with no counts on the origin or be­
tween the origin and ADP (Fig. 5B). Such 
are the expected products of base-hydrolyzed 
mono-ADP-ribose (20) and the results 
demonstrate that the n  acetic acid fraction 
from the aminoethyl cellulose column con­
tains no oligo-ADP-ribose and only mono- 
ADP-ribose and its derivatives. Analysis 
of the 1 M ethylamine fraction shows the 
radioactivity to be on the origin and be­
tween the origin and ADP-ribose with no 
counts chromatographing with ADP-ribose 
or 5 -AMP (Fig. 5C). Such a result demon­
strates the absence of any mono-ADP- 
ribose or its derivatives in the 1 m  ethyl­
amine fraction and the presence of only 
oligo-ADP-ribose. Thus aminoethyl cellu­
lose chromatogr^hy clearly permits separa­
tion of mono-ADP-ribose and its derivatives 
from oligo-ADP-ribose. Therefore the ex­
tent of mono- and oligo-ADP-ribosylation 
of specific proteins can readily be deter­
mined by processing gel slices containing 
the [®H] ADP-ribosy lated protein with ethyl­
amine prior to separation of the released 
material by aminoethyl cellulose chroma­
tography. Such determinations have been 
made on purified HI which has been elec­
trophoresed on SDS- and acid-urea poly­
acrylamide gels and the values obtained 
compared with the value from purified HI 
obtained directly without electrophoresis 
on gels. The results are given in Table 1 
{d-f) and it can be seen that the three 
values are very close and show that HI is 
approximately 40% mono-ADP ribosylated 
and 60% oligo-ADP isolated. This demon­
strates that the analysis of ADP-ribo- 
sylated HI on polyacrylamide gels pro­
duces the same values as one would ob­
tain using HI directly and rules out the 
possibility that interference by the gels may 
lead to erroneous results. The same value 
of 40% mono-ADP ribosylation and 60% 
oligo-ADP ribosylation is also seen when 
total histones are electrophoresed on acid-
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urea gels and the [^H] ADP-ribosy lated Hl- 
containing slices (Nos. 16-21) is analyzed 
(Table 1 (g)). This result shows that an ac­
curate specific analysis of the ADP-ribo­
sylation of HI can be performed on a crude 
sample of HI, in this case a total histone 
preparation, without the need to first purify 
the HI. This is clearly a great advantage 
since one removes not only the need to 
purify the HI but also the losses of radio­
activity and protein likely to occur during 
such a purification.
It has been shown that at least two types 
of bands exist between ADP-ribose and pro­
tein one of which is cleaved both by NaOH 
and neutral hydroxylamine and one which is 
cleaved only by NaOH and not by neutral 
hydroxylamine (19). Thus, using the meth- 
olodogy described here it should be possi­
ble to obtain information concerning the 
hydroxylamine resistance of both the mono- 
and oligo-ADP-ribose which is attached to 
protein. We have performed such an analy­
sis using HI. Treatment of histone HI or 
total histones with neutral hydroxylamine 
and subsequent acid-urea gel electro­
phoresis show that approximately 27% of 
the HI-associated ADP-ribose is resistant 
(data not shown). Cleavage of this resistant 
fraction with ethylamine and aminoethyl 
cellulose chromatography indicates that ap­
proximately 20% of this resistant faction 
is mono-ADP-ribose and 80% is oligo-ADP- 
ribose (Table 1 (h)). This means that 5.4% 
of the total Hl-associated radioactivity is 
hydroxylamine-resistant monomer and 21.6% 
of the total is hydroxylamine-resistant oligo- 
ADP-ribose. Since 40% of all HI associated 
ADP-ribose is monomer this means that 
13.5% (5.4 out of 40) of all Hl-associated 
mono-ADP-ribose is hydroxylamine re­
sistant.
Since there are no other data available 
on the extent of mono ADP ribosylation 
and oligo-ADP ribosylation of HI in vitro 
we have no true check on the accuracy of
TABLE I




Sample cpm* %* cpm* %*
Pure HI' 2 11,320 ± 205 39.86 17,078 ±  237 60.14
Pure Hl-acid-urea gels* 3 4,031 ± 135 40.85 5,835 ±  47 59.15
Pure H l-SD S-gels' 3 1,840 ± 68 38.79 2,904 ±  72 61.21
HI firom total histones on gels, 
control* 3 9,423 ± 208 39.27 14,575 ±2 17 60.73
HI from total histones on gels, 
+ NH.OH* 3 1,458 ± 47 19.38 6,064 ± 119 80.62
* Various [*H]ADP-ribosylated HI preparations were treated with ethylamine and the amount of released 
mono- and oligo-ADP-ribose, which eluted from an aminoethyl cellulose column with 6 n  acetic acid and 
1 M ethylamine, respectively, was determined (see Materials and Methods).
* Mean values ± standard error are given.
' Values are expressed as a percentage of the combined monomer and oligomer which is taken as 100%.
* Purified HI was treated directly with ethylamine.
' Purified HI was electrophoresed on acid-urea gels and the Hl-containing gel slices were treated with
ethylamine.
 ̂Purified H1 was electrophoresed on SDS-gels and the H l-containing gel slices were treated with ethylamine.
' Total histones were electrophoresed on acid-urea gels and the Hl-containing gel slices treated with 
ethylamine.
* Total histones which had been treated with 0.4 m  NH%OH pH 7 for 30 min at 37*C were electrophoresed 
on acid-urea gels and the Hl-containing gel slices were treated with ethylamine.
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TABLE 2
A v e r a g e  C h a i n  L e n g t h  o f  H 1 - A s s o c i a t e d  










Pure HI" 1.62 3.10
Pure H l-acid-urea gels' 1.57 2.98
Pure Hl-SDS-gels^ 1.64 3.05
HI from total histones on gels.
controP 1.48 3.26
HI from total histones on gels.
+ NH,OH* 2.21 3.23
* Various [*H| ADP-ribosy lated HI preparations 
were treated with ethylamine and the average chain 
length of the released material calculated (22) following 
treatment with snake venom phosphodiesterase and 
thin-layer chromatography (17).
* Total released ADP-ribose (motmmer and oligomer). 
Oligo-ADP-ribose released and eluted free of any
mono-ADP-ribose, from aminoethyl cellulose with 
ethylamine.
As for footnote to Table 1.
the values reported here. However, the data 
presented in Fig. 2 allow one to set a limit 
for the values one should expect which acts 
as a check on the accuracy of the presently 
described method. In the case of hydroxyl­
amine cleavage approximately 7% of the 
total Hl-ADP-rilwse bands are resistant 
when compared with NaOH treatment (Fig. 
2). Since the total hydroxylamine resistance 
is 27% (see above) this means that 20% of 
the resistant material is oligomer which is 
long enough to be acid precipitable even 
when cleaved by NaOH. This produces a 
ratio for acid soluble:acid insoluble of 7:20 
(approx 0.33). Qearly some of the 7% radio­
activity which is rendered acid soluble by 
NaOH should be of chain lengths greater 
than mono-ADP-ribose and hence will be 
retained by aminoethyl cellulose and elute 
with 1 M ethylamine in the oligo-ADP- 
ribose fraction. Thus one should expect 
a ratio of mono-ADP-ribose:oligo ADP-
ribose somewhat less than 0.33 using the 
present gel analysis methodology. The re­
sults in Table 1 (h) show a ratio of 19.38: 
80.62 = 0.24. Quantitative cleavage of H l -  
ADP-ribose conjugates with ethylamine 
results in a loss of 60% of the original acid- 
insoluble radioactivity (Fig. 2). Since some 
of this material should be of chain length 
greater than mono-ADP-ribose this value of 
60% is the maximum value one should ob­
tain for mono-ADP-ribose and 40% is the 
minimum value one should obtain for oligo 
ADP-ribose. The approximate values ob­
tained in this present study are 40% mono- 
ADP-ribose and 60% oligo-ADP-ribose 
(Table 1). Thus the values obtained using 
the presently described methodology are in 
good agreement with those predicted from 
the filter disc assay results shown in Fig. 2.
The methodology described here also 
permits determinations to be made of the 
average chain length of the oligomeric 
ADP-ribose which is attached to the ac­
ceptor proteins. We have performed such 
analyses on ADP-ribosylated histone HI 
preparations which have been processed 
in different ways and the results are given 
in Table 2. It is clear that there is good agree­
ment between the value obtained from puri­
fied HI (Table 2 (d)) and the values ob­
tained from purified and crude HI elec­
trophoresed on polyacrylamide gels (Table 2 
(e-g)). Such results strengthen our con­
clusions derived from the data in Table 1 that 
an accurate analysis of the ADP ribosyla­
tion of HI can be performed on a crude 
sample of HI without the need to first 
purify HI. It can also be seen from Table 2 
that determination of the average chain 
length of total ADP-ribose produces a lower 
value than that of the separated oligo-ADP- 
ribose fraction. Such values for oligomer 
are in good agreement with the values one 
should expect from the known distribution 
of mono- and oligo-ADP-ribose on HI 
(Table 1) and the average chain length of 
the total ADP-ribose associated with HI 
(Table 2). Finally it can be seen from the
AB 5^0 r S v J
results in Table 2 that the average chain 
length of the oligo-ADP-ribose which is 
attached to HI via an Nh«OH-resistant 
linkage (Table 2 (h)) is very similiar to the 
average chain length of the total oligo- 
ADP-ribose.
Such results clearly demonstrate the 
potential of this method in allowing not only 
an analysis of hydroxylamine resistant and 
sensitive mono- and oligo-ADP-ribose but 
also a determination of the average chain 
length of such fractions associated with 
specific proteins. The method is applicable 
to any protein because the method relies 
not on any specific property o t the provtin 
but on the quantitative hydrolysis o f the 
ADP-ribose protein linkage under basic con­
ditions. Thus using this method it should 
be possible to analyze whole gel profiles 
of ADP-ribosylated proteins and to charac­
terize specific protein bands of interest as 
a function o i whatever ceQ parameter oat 
is investigating. We are presently applying 
the methodology described here to an analy­
sis of pH]ADP-ribosylated proteins syn­
thesized in vivo in mouse L1210 cells grown 
in the presence of [*H]adeiK)sme and iso­
lated by CsCl equüÀrium denshy gradient 
centrifugation as previously described (21). 
Preliminary studies employing aminoethyl 
cellulose chromatography to separate m 
vivo protem-associated mono- and oligo- 
ADP-ribose isolated from L1210 cells indi­
cate that 75% of the in vivo protein-bound 
ADP-ribose is monomer with the remaining 
25% being oligomer of average chain 
length approximately 2.9 (23).
ACKNOWLEDGMENTS
We üiaak the Scieoce Research Councfl (support 
to MRP. PRS. end WJDW). the Medical Research 
Council (support to WJDW) and Miles Laboratories 
(support to MRP and WJDW).
REFERENCES
T. Purnell. M. R . Stooe.P . R.. and Whish. W. J. D.

















HÜ2 . H.. and Stone, P. R (1976) Rev. Physiol. 
Biochem. Pharmacol. 76, 1-58.
Hayaishi, O.. and Ueda. K. (1977) Annu. Rev. 
Biochem. 46, 95- 116.
Okayama, H.. Ueda. K.. and Hayaishi, O. (1978) 
Proc. Nat. Acad. Sci. USA 75, 1111-1115.
Okayama. H., and Hayaishi. O. (1978) Biochem. 
Biophys. Res. Commun. 84, 755-762.
Adamietz. P., Kiapprcth. K.. and Hilz, H. (1979) 
Biochem. Biophys. Res. Commun. 91, 1232- 
1238.
Minaga, T.. Romaschin. A. D.. Kirsten. £ .. and 
Kuo. E. (1979) J. Biol. Chem. 254. 9663- 
9668.
Ueda. K., and Yamamura, H. (1971) in Methods 
in Enzyinology (McCormick, D. B., Wright, 
L D., eds.). Vol. 18B, pp. 60-67, Academic 
Press. New York.
Khan, M G.. and Shall, S. (1976) Biochem. Soc. 
Trons. 4, 778-781.
Whitby, A. J., Stone, P. R., and Whish, W. J. D.
(1979) Biochem. Biophys. Res. Commun. 90, 
1295-1304.
Johns, E. W. (1964) Biochem. J. 92, 55- 59.
Goodwin, G. H., and Johns, E. W. (1977) in 
Methods in Cefl Biology (Ptescoa, D. M , ed ), 
VoL 26, pp. 257-267, Academic Press, New 
Yodt.
Puniefl, M. R., and Whish. W. J. D. (1900) Bio­
chem. J. 183, 775-777.
Panyim. S.. and Chalkley, R. (1969) Arch. Bio­
chem. Biophys. 130, 337-346.
Weber, K , and Osborn, M. (1969)7. Bioi. Chem. 
144, 4406-4412.
Aloya, U. J. (1979) Anal. Biochem. 99, 161-164.
Stone, P. R., Whish. W. J. D.. and Shall. S. (1973) 
FEBS U n .  36, 334-337.
Johns, E. W. (1971) in Histones and Nucleo- 
histones (Phillips. D M.P., ed ), pp. 1-45, 
Plenum Press, New York.
Adamietz. P., and Hilz, H. (1976) Hoppe Seyler’s 
Z. Phys. Chem. 357, 527-534.
Goebel, M., Stone, P. R., Lengyel, H., and Hilz,
H. (1977) Hoppe Seyler's Z. Phys. Chem. 358, 
13-21.
Purnell. M R., Stone, P. R., Surowy, C.. and 
Whish. W. J. D. (1980) in Proceedings of Con­
ference on Novel ADP ribosylation of Regu­
latory Enzymes and Proteins (Sugimura. T., and 
Smulson, M , eds ), Elsevier, North-Holland, 
Amsterdam.
Nishizuka. Y., Ueda. K , Yoshihara. K., Yama­
mura, H., Takeda, M., and Hayaishi, O. (1969) 
Cold Spring Harbor Symp. Quant. Biol. 34, 
781-786.
Purnell, M^ R., Stone, P. R., Surowy, C._ S., and 




K f l l
